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Page 4, 1ine 17: Redefine V as follows:

V  value of velocity such that @V = ;Vy = poVp, feet per second

Page 15, line 23: Delete "velocity and.” The line should then read:

If the variation of density with length in the . . .
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Results are presented of an_investigation to develop simpli-~

- Pied methods for designing exhausk-pipe shrouds to provide desired
or maximm.cooling of exhaust instellations in which the dy:namic
pressure of flight is utilized to force the cooling air through the
shroud. Design equations derived from fundamental laws of heat
transfor and presswre drop are gilven for parallel- and counter-flow
exhaust-pipe~shroud systems. The only data required for use in the
design equations are the upstream temperatures and flow rates of
the exhaust gas and cooling air and the upstream pressures of the
cooling air. The design equations for the parallel-flow system
were vqrified within the limits of engineering accuracy for one
shroud to exhaust-pipe diameteér ratio by tests of an experimental
exhaust~pipe-shroud setup« -The equetions have no diameter-ratio
limitations provided that cooling-gir flow in the annulus is turbu-
lent. The verification of these equations for one diameter ratio
lends support to the belief that ‘the squations are appliceble to
all practical shroud to exhaust-pipe diameter ratios for which the
cooling-air flow is expected to be turbulent. Althoygh no tests of
* counter-flow systems were run, the counter-flow equations are believed
to be equally dpplicable because of their similarity to the parallel-
:E'low equations.

For simplification of the design equations, constant values
of 0.24 and 0.30 were used for the specific heabts of cooling air and
exhaust gas, respectively, and air properties were substituted for
exhaust-gas properties in determining the heat~transfer coefficient
of the exhaust gas. Calculations showed that these substitutions
for the precise terms have a negligible effect on the accuracy of
results obtained with the design equations.

Detailed procedures and charts o the design of shrouds are
presented for both parallel-flow and counter-flow systems. These
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procedures permit the determination of the yroportiens of an exhaust-
pipe shroud that will provide desired cooling of the exhaust instal-
lation or, if desired cooling cannot be attained, pexrmit the deter-
mination of the proportions of the shroud that will provide the
maximm cooling and the values of installation temperatures that
will exist with that shroud. The design procedures, based on the
derived equations, are complete in themselves as regards shroud
design. An example of the use of the shroud-design procedures for

e four—engine ‘bom‘ber is included.

The eg_ua.tions and methods of shroud design presented are
believed to be directly applicable to the design of shrouds for the
tall pipes of Jet englnes provided that the luminosity of the gases
in the tail pipe is negligible and the cooling air exits to the
atmosphere. For Jet-engine installations in which the luminosity
of the gases is not negligible, however, the present analysis must
be extended to include the heat. transfer to the exhaust pipe by gas
radlation. If the cooling-alir exit pressure is decreased from
atmospheric pressure by means of flaps or ejector pumps, the methoed
of application of the pressure~drop relations to shroud design pre-
sented mist be modified to account for the departure from atmos-
Pheric pressure at the cooling-air exit.

JINTRODUCTION

Shrouded exhaust-pipe systems are generally used in airplanes
to reduce the fire hazard, %o cool the exhaust pipe, to reduce the
heat radiated to other components of the-installation, and to cool
the exhaust gas flowing to turbines. "An illustration of such a
system is showe a3 figure 1. The systems usually consist of an
exhaust pipe surrourded by another pipe, with cooling air passing
through.the annr’ar space formed by the pipes and reducing the
temperatures or ihe exhaust gas and the pipes.

Although meny of the necessary fundamental data have been
avallable, wie desizn of shrouded exhaust-pipe sysbems has been
hampered. by the lack of a coordinated rational design procedure.
This difficulty hus undoubtedly been one of the important reasons
that shroud system 'lz'ouble has been so prevalent.

The present paper is d.ivid.ed. into two parts. The purpose of
part I is to present (a) an analysis of the heel exchange and the
pressure drop in parallel-flow and counter-flow exhaust-pipe shroud’
systems and (b) an. experimentel verification of the analysis for
the parallel-flow system-over & representative range of air=- and
gas~flow rates. Part II presents detailed procedures to facilitate
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application of the enalysis to-shrouvd design.. A summary -of the
necessary physical properties of ailr and exhaust gases, extended
vhere- necessary, is given in an appendix. . ]

L

SYMBOLS

In addition to the following definitions of symbols, & graphical
representation 1s presented inm figure 2.

A duct cross-.sec.tioaial area, square feet
a velocity of sound, feet psr second
c constant in equations (26) and (31)
%y instantansous specific heat of fluid at constant pressure,
. Btu/(1b)(°F)
'S,  meen of instantanecus specific heats of fluld st constant
pressure, Btu/(1b)(C°F)

D hydreulic dismeter of duct, Feet’ (’-l- X Cross-sectional area
Wetted perimeter

a dlemster, Peet

By shape modulus 1% radiation equation

¥, factor of compressibility (1 +-£M?_ +% .« . .) .

Fg emissivity modulus in radiation equation

D o -
£ friction factor | SE0) also used for Fsl-air ztio
gy :
g - ratio of absolute to gravitational wnit of mass, pounds per
slug, or acceleration dus to gravity, feet per second
Dper second . i
4 mean total pressure, pounds per square foot

heat-trensfer coefficient, Btu/(sec)(sq £t)(°F)

_____ S SR e e e - e = e e - - - — L VP
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mechanical eguivalent of heat, foot pounds per Btu-(778) .
thermal conductivity of. fluid flow, Bitu/(sec)(sq £t) (°F /£t)
length between stations, feet

Mach nymber '

mass rate of fluid flow, slugs per second

any number to be ra:l.sed."l;o 0.8 and t; 1.8

an exponent .

mean static pressure, iaound's per sq{zare Poot absolute

quantity of heat dissipated, Btu per isecond.

2p\A

average of upstream and downstream mean dynamic pressures,
pounds per square foot

2
mean dynamic pressure, pounds per square foot (3'—(-5'-1) ) _

surface area of body through vhich heat is being transferred
mixed mean temperature, °F absolute

mixed mean temperature, °F

mean fluid velocity, feet per second (%)

average of upstream and downstream mean fluid velocities,
feet per second

weight rate of fluid flow, pounds per second

RS '

denotes difference
emissivity

temperature difference, OF
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B absolute viscosity of fluid, slugs per fopt-second .
P mean density of fluid, slugs per cubic foot (0.000583 p/r)
? average of upstream and downstream mean densities of flu.id
slugs per cubic foot
¢ factor depending on ratio of pipe dlameters in heat-transfer
equation (See equation (19).) .
! -factor depending on ratio of pipe diameters in friction-
factor equation (See equation (27) )
\l] = 1-2 “d?z
Cn W 1 1
() e o me—
by +hy, Dy . .
oo Lz w
cpewe 1 + ..]:..
by + By * by
R Reynolds number

Pr  Prandtl number

6.  ratio of demsity to stendard sea-level demsity (p/0.002378)

Subscripts: i ’

a’ cooling air Coe L =

" % bend o

a’ ° aiffuser.

-] exhaust gas except vhen' used wi'bh OB wvhen 1t refers to
shroud. exit

t ‘ ' . frict:l.on pressure drop

h due to heating of cooling air

1 inlet duct %o shroud '

'm at manifold
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o‘ '. ﬂ'eé sﬁ-eam .

p exhaust pipe 1 .

r a.enotes radiation heat . 'bransfer -

8 . shroud . , N . ’ ‘
% fotal or stagnation cond.i’bions o

X . refers 'bo any station b faet from shroud entrance
1 station 1

2 gtation 2 | . ‘

3 station 3 o

0-1 from free stream o station 1 .

1-2 from station 1 to 2

1-3 from station 1 to 3

T - ANALYSIS AND VERTIFICATION
ANATYSIS OF HEAT TXCHANGE AND PRESSURE TROP
IN EXHAUST-PIPE-SEROUD SYSTEMS

An adequate exhaust-pipe-shroud system is one for vhich all
parts of the system and the downstream exhaust-gas are below
limiting temperatures and the pressure drop required for forcing
alr through the system does not exceed the pressure drop available.
The analysis of such a system, consequently, requires equations for
predicting design temperatures and pressure drop on the cooling-air
slde of the system. These equations should be in a form such that
the desired temperatures and pressure losses will be a function of
known conditions. The present analysis derives such equations for
the usual straight annular exhaust-pipe-shroud systems for both the
case of parallel flow and The case of counter flow. The simplifying
assumption of straight flow is made, inasmuch as bends increase the
local heat transfer and cooling-air pressure losses and therefore
should be avoided. In the present analysis cooling air flows in
the annular space around the exhaust pipe, which is the case usually
encountered.
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Parallel Flow

Heat-exchange processes in exhaust-pipe-shroud combinations.-
The analysis for parallel flow is for the case of exhaust-gas
mixture and cooling air flowing in the same direction. (See .
. fig. 2(a).) For a parallel~flow exbaust-pipe-shroud combination
with exhaust gas flowing in the inner pipe and cooling air flowing
in the annular space, the mechanism of heat transfer is as follows:

(a) Heat flows from the exhaust gne %o the exhaust pipe by
forced convection

(b) Heat flows from 'bhe oxhaust gas to the exhaust pipe by
thermal radiation

(c) Heat flows from the exhaust pipe to the cooling air by
forced convection

(d) Heat flows from the exhaust pipe to the shroud by thermal
rediation through the cooling air which is a nonabscrbing medium

‘ (e) Heat is exchanged betwoen the shroud and the cooling air
by forced convection

(£) Heat flows from the shroud to the swrrownding atmosphere
by natural convection

The thermal radiation from the exhaust gas to the exhaust pipe
has been neglected in this analysis. By use of the radiation
formlas for nonluminous gases, calculations ghow that this radia-
tion is small provided that afterburming does not occur. If combus-
tion wvith & luminous flame does occur, the heat transfer to the pipe
will be greatly increased, and the analysis should be extended to
include this effect. The heat .loss from the shroud by natural con-
vection will also be neglected. It is assumed thaht the heat glven
up by the exhaust gas is equal to that picked up by “the cooling air.
The fluld temperature differences for use in the convection-heat-
transfer formulas are detexmined from the true temperatures, although
for preciseness, stagnation temperatures should be used. In well-
designed shrouds, however, the cooling-air velocities are low enough
to make the error imtroduced by use of true temperatures negligible.

The design temperabires in an exhaust-pipe-shroud system with
parallsl flow are the downstrean gas temperature ‘bee (vhen a
turbosupercharger is used), the exheust-pipe temperatures by and
" the shroud. temperatures tg. (See fig. 2(a).) In the present paper

P e e e ey P AangbY. — e g et ——
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equations are given for these design temperatwres. Assumptions are
made herein, vhich ave thought to be permissible vhersver it is
advantageous to the simplificstion of the fipal results.

E«_;,Lua:bions for design temjgera-bwes.- The heat transfer from &
hot gas to & cold gas can be represented by the equation’

Q = hds (1)
vhere
h mesn heat-transfer cosfFicient
] mean temperature difference
] suxrface area_oi’ body through which heat is belng transferred

- TFor the present case of the parallel-flow exhaust-pipe-shroud
pystem it can be shown by use of information available in standard
heat-transfer text books and on the bapgis of the asswptions given
that

B = = (2)
1 1 '

a—— + .

he ha + hr

vhere h, and h, are convection-heat-transfer coefficients on the
gas and air sides, respectively, and h, is the radiant-heat-transfer
coefficient from pipe to shroud, and '

64 -6
_....].'__..._?:. (3)

81 = gy = tay (k)

92’-1"92'% : | (5)

— b e~ g = @ p s
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The use of the log mean temperature difference (eauation (3)) is
based on the postulate that h,, h,, end . h, do not vaxy along

the tube length. The area S for the system is assumed to be

8=nil ' (6)

The small difference in pipe ares on gas and air-sides is neglaci:ed.‘ i
in the theory presented hereir and the outey dismeter of the plpe
is used. . .

"fThe heat lost by the exheust pas and gained by the cooling air
cen be obtained by means of the following equations:
PN '-. Q= %ewe(tel - tee) (7)

Q= Gpialtay - tay) -_."_ ' "(8)-...:_‘

’

-

1

In these equations’ EPe and "c'l,a are the integrated mean values -
of the instantansous specific heats Cp, and ¢p a2 respectively,
between stations 1 and 2.. '

By use of equations (1) to (8) the following expression can be
obtaineds: T - )

Yoy - Tay
b, = by = (9) .
. e " tep =
vhere -
- z : N ‘
m=i+z "d} Lo .. (lo)-‘
°P9We 1 +_:_!_._. :
by + By By
. Cp W, -
4 =f£§_.?- - - {1):’
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If equation (7) ‘is made equal to eq,uatiqn (8) the follow:ing expros-
sion 1s obtained for tae . )

t%=zﬁq-t%)+%1' '(R)
Substituting for ta, in equation (9) ‘the equivalent value glven

by equation {12) and solving the rasu.lting eq_ua.tion for tea gives
the _:Eollow’_ng equation for the downstream exhaust-gas temperature:

y Y 'b - t .
1 ( ey -y
% + 7t ———— (13)
2 T,z \ 1 oy * oD

The exhaust-pipe temperetures can be obtained with reasonable
accuracy from an equation +which neglects radiant-heat transfer from
the exhaust plpe to the shrowi. Tals equation is obtained by making
the heat transfsrred by convection from the gas to the pipe equal
o the heat transferred from the pipe to the cooling air for g dif-
ferentiol length d1. (Sse fig. 2(a);) At any point =x the equa-
tion for pipe tampsvature becames’

/

- Hgbe. + Bgba_ . : -
he + by

Equation (1) is applicable to any station if theé appropriate gas
and air temperatures are used. The downstream pipe temperature tP2

is determined from the downstream air temperature taa and gas tem-
perature te, thich are obtained from eguations (12) and (13).

The shroud metal temperature at..each station ls assumed to be
equal to the corresponding cooling-air tempeérature at that station
in order to avoid the necessity for solving complicated analytical
equations for the shroud temperatures. This assumption is conserva~
tive, for in the normal case the shroud temperature is slightly
lower than the adjacent mean cooling-air ten_merature.

From equations (12) to (1%) and the simplifying assumptions

glven for shroud temperatuwres, the design temperatures can be deter-.
mined from the dimensions of the exhaust-pipe-shroud system, the

v g v — o
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upstream temperatures, the air and gas flow rates, the specific
heats of alr and gas, and the heat-transfer coefficients, all of
vhich will be kmown in a design problem. The equations for the
heat-transfer coefficients are given in the following section.

Fundamental laws for heat-transfer coefficients.~ The relation
betwsen the convection-heat-transfer coefficient, the exhaust-gas

factors, and the exhaust-pipe dlameter is shown 1n the following
equation based on-the law of heat transfer for turbulent flow in
pipes as given in reference 1, page 168:

' 0.8 0.4
had: VePol: Hol
°r . 0.023( oPo P) (cpe ° ) (15)
ko ' He L

The gas properties are determined at the bulk temperature of the
fluid which to be precise should be the integrated mean temperature
from station 1 to station 2. Actually, however, the bulk tempera-
ture can be teken as the temperature ab the upstream station with
little error in h, because the predominating factor affecting he,
as shown by equation (15), is the mass flow per wnit area. The
upstream temperature was used in the present work. I, instead

of gas properties at the temperature tel being used, air properties

determined at the same temperature could be used 'with little error,
“the necessity for determining the fuel-air-ratio and- the hydrogen-
carbon-ratio factors would be avoided and the equations would be
somevhat simplified. By substitution of air properties determined
at temperature te) end the equation

kv,
ﬂdp g

in equation (15) the heat-transfer-coefficient equation for exhaust
gas then becomes

_ . 0.8 0.k .
2% _ o.003 (e ) (——-—%apag) (27)
fa Woojigl 2

(16)

Vep =
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or
) o.ll- )
ka(Ha) 0.8
b = 0.001 —_—N8l W 18
o= OOOUB =I5 " (29)

Ba- dp

An equation similar in form to equation (15) can be used to
debermine the convection-heat-transfer .coefficient h in the

annular space. The dlamoter dI” however, must be repla.ced. by the

equivalent (or hydraulic) dlameter of the ammular space dg = dp.

. (See reference 1, p.-200, and references 2 to 4.). In addition,
according to reference 3, the, constant 0.023 must be mltiplied by
a factor dependent upon the retio of the diameters of the inner and
the outer pipes. This factor is

& L]

._?.;; ,;1, g—i) - o
5R 'éﬁ; |

References iR ana. 2 make no mention of such a factor, but a general
review of-the-literature on annular spacea shows an increase in
heat transfer of annular spaces as.compsred with that of circular
pipes. This factor vill therefore be included in the present '
analysis. The Prandtl number for air (cp pagl.h.l) is about

constant and equal to aprroximately 0.73 over a lerge range of
inlet-air temperature. Alco, 10p, can be eudshituted Zor Ik,

with little exror. With the. fcregoing assumrtions and the fact
that Vop.g equals the weight x=te of air flow divided by the

crogs-sectional area of the annular space, the egquation for ha
beccmes . .o

0.2/
Ra Vi 0.8

o+ )" (60 - o)

h, = 0.01528 ¢ (20)

The upstream temperature ""al was used instead of the bulk tempera-
ture of the f£luid to determine the air property in equation {20)
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because the mags flow per wnit area is the predominating factor
affecting h, and the error involved is therefore negligible.

The expression for the radiant-heat-transfer coefficient h,
is derived in the following memner: The heat transfer by radiation
from the exhaust pipe to the shroud at any point x and for a dif-
ferential length d1 (see fig. 2(a)) can be expressed by ‘the equa-
tion (reference 5, p. 50) .

S . .
0.1728 _; (?h) Tsx)]
R 3600 * *{\100 100/ | “éP (21)

The temperatures TPx and Tax are the appropriate pipe and shroud

temperatures. For the usual shrowd-design problem it can be shown
by means of an equation in reference 5, pege 54, that the emissivity
modulus Fp is not much smaller than the pipe emissivity - ep. For

the simplification of the present analys:l:a the approximation of €p

for Fp wlll be used hereinafter. The shape modulus Fy is a

factor vhich allows for the geometrical position of the radiating
surfaces and, for the case of an anmular space, is equal to unity
(reference 5, p. 54). The radiant-heat transfer must be expressed
in a form simllar Yo that for convective heat transfer to obtain
the coefficlent hp; thus

8Qy = hn(bp, = tag)udy, d (22)

By use of equations (21) and (22) and of factors given for Fp
and Fg, the following equation for h, can be derived:

L
0.1728 [(Tpx) _ Tsxﬂ
3600 P {\100 100

bpx ~ tax_

(23)

hra

The convection-heat-transfer coefficients h, and ha have

been shown to be little affected by variations of temperatures along
the length and consequently were agsumed constant along the length.
Although the sams assu_mp'bion will cause appreciable inaccuracies in

e ————— e -
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the coefficient - hr, the factithat ."hy . 1s so much smaller than h,

‘causes variations™in " hr to affect the over-all coefficient L very

little as. can be. shom means of, .equation (2). The assumption has
been mg.e tfla'b hr is also constant ‘along the pipe length. Use of
the log-mean-tempera{‘.m-e differecn.ce is based ‘on .the postulate of the

tancy of, the’ coeffici nta! in accord.an,ce vith the statement in
reference 2 that the use of this, -be;nperatm'e difference will be
sufficliently accurate for such systems.'

T .With the; a.ssxmption that the radiant-heat-transfer coefficlent
is intar:’,ant with jthe:length, the temperatures of the pips, the
shroud., And the.-air At station 1 cin be used in eguation (23) to
determine hy,. The use of cooling-air temperature for the shrouvd
temperature can be made as previously, recommsnded. The pipe tem~
pera’oure *bp 1s d.etearmnedr'b;& meanS' of" q,uation (1),

faas sl e

Préssure 1688 in- ennular p&esage. The ‘pressure loss through

an annulsr pabsage consists of the Triction drop, the loss due to
accelerating the’ :flu:l.d ani the ldes at tha eJd:b, thua

Y TR AE Apf -l-Mh AHB (2,4-)

The frictim preeew:e drop in. an annulus ( see references 1l
and 5) can be expressed as Ffollows: . : *-.

r ¢ - 23t R 7.
N AL T 4 : (25)

dsdp

P )
. .- o ,l.- eal. TR no-.

The frﬂ.ctlon Factor: £ forv smobth: pipe varies with Reynolds number
in the following mamer:

TR BRI P | (26)

Over a wide range of Reynolds number in the turbulent region for
pipes of both clrcular and anmular cross section the valus of n

is about-0.2. ' For bipés of circular dross Section, the value of C
is almost- comstant over this range .and verious .results are in agree-
nent 23 to the mlue, (For smooth and commercial pipes, the values
of C a&are 0,U55- enl D.054, -respectively.}) There is a wide dissimi-
larity of resulis for the value of C for plpes of annular cross
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section. In references 1 and 2 the circular-pipe value of 0 is
used with the Reynolds number based on the equivalent diameter. In
references 3 and & a much higher value for C is advocated than
that for clircular pipes as well as use of Reynolds number babed on
the equivalent dismeter. In"reference 3, for instance, it whs deter-
mined from data that the valus for "G of circular pipes should. be
increased by multiplying by the factor

(a7)

For hot tests, also, no full agreement is reached as to the tempera-
ture to use in determining the properties of the fluid. Some inves-
tigators use a fllm temperature ahd others use the bulk temperature -
of the fluid. Finally, for pipes that are not smooth an equation
in the form of equation (26) is not applicable for some ranges of
Reynolds number and, even if it were applicable, the value of C
would depend upon the degree of roughness. Because of the undecided
status of results on emnular cross-section pipes and .inasmuch as the
steel generally used in the shroud systems has some roughness, the
friction factors in the present teste were determined experimentally
in order to provide date which would be generally applicable to
exhaust-pipe-shroud systems in aivplane installations. The Reynolds
numbers used herein were based on the equivalent diameter of the

pessage dy - dy. %amwwq@-@z—.

If the variation of ve&eci-hy and density with length in the
annular space is assumed to be linear, the continuity eguation
(Pa,l ay = PagVap = paV ) may be used to show that

7= (Aa) ("L + "‘1") (28)

Now

(29)

ey e ——— - 3
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- Indg
" Pa¥g = 5. .o
: . "(ds "4 )8
From equations (25), (26), (éB), (29), end (30), therefore,

&pp = (L)Q-n c Tug " 2 (31)
T \ug 2-n - 3\Pg. Py
(G + ) (@) \'m Te

(30)-

As in the heat-transfer equation p; can be determined at the tem-

perature tal with little error resulting in Apf. This procedure

1s used herein.

The cooling air is heated in passing through the anmnular passage.
This heating.of the air causes a pressure drop to occur due to the
expansion of the alr in additbtion to the frictional pressure drop.

The pressure drop dus to the expansion of the air is a large frac=~
tion of the total pressire drop in the annular space.

The loss in total ;pressuz;é due %o acceleration of the air
from Val o 7V, can be derived from equations in reference 1l as

ap
follows:
Ly, ='9a2 " %, (32)
vhere
g, = %pavaa , (33)

In the derivation of eguation ( 30),' compressibility factors were
neglected because they had very little effect on the differences of
dynamic pressures used to determine AH,. Use of the continuity
equation and equations (30), (32), and (33) leads to the following
oxpression for AHy,:

— e — - - e Tanko ——— T T v 3 T A ERSCIYITEN
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WY wd | X
AEh""(""‘) : 2(1 pl) (34)
(% + %) (% - %) o "o
In equation (3%) the constant factors reduce to Q.Ooo781.

. An oxit loss from the shroud to the free-air stream is aldo
present. Inasmuch as the velocities in the shroud are appreciable,
it -is assvmed that all the velocity pressure is Jlost at the exit.
The 'assumption is also made that Pay equals the atmospheric pres-

‘gure vhich generally is, or is close to, the e:x:tst..ng cond.ition.
Then

. 2 .
M, =g, = : 2 - (35)

(o v ) (e o oo

. The sum of the preasvre drop dve  to heating of the air and. the
pressure drop for the exit loss can ‘be expressed in the following

form:
R A N S (36)

This expressicn becomss, 'bhrough use of equations (3%) and (35),

Wo2 Pa
o, + AR - 0.3284 Wy (___]__ ) ) 1)

1 (% + %) (- %) \ P

where

Ogy ratio of Py, to standard density ‘at’ sea level

c (pa'l Io.oo'237€_5)

The total pressure loss in the exha.ust-pipe-shrouﬂ. gystem, -
exclusive of any losses up to the beginning of the annular passage,

e & e Br e e —m—————— T e Ty S - -
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will then be the summstion of the losses given by equations (31)
and (37) as shown by equation (2k). .
- 8 -1 Gounber Flow

Equa'bions for design temperatures.~ In the case of counter flow
the downstream exhaust-gas tengerature tea and. the temperatures
at station -1l of the sxhaust -pipe. and' shroud tP and tBl, respec=

‘tively, (fig.'2(v)) will be the d.esign tenmera.twes for vhich an
adequate system must be obtained. For cowmter flow, tay 1s the

outgoing-air ‘temperature and taQ is the incoming-alr temperature.
" (see tig. 2(b).)

Equations (9), (12), and (14) are applicable to the case of
counter flow with the following exceptions:

(a) Exponent @ is replaced with ¥ vhere

- {/ .
hy + b, by

ay 18 interchanged with tg,. ‘Substi-

tution of the equation for downstream air temperature in equation.(9)
for counter flow results in the following expression for teg‘

(b) In equation (12), .

. tae(l - o¥) 2 to (1 - 2)

92 = (39)

Z-eq'

The design temperature t;‘fl is obtained by use of equation (1h4),
the upstream gas temperabure *'e]_: and the downstream air tempere=~
ture 'hal' To determine the shroud temperature 1-,51 analytically

involves complications similar to those in the case of parallel flow.
Consequently, the method of designing for .air temperature ‘ba.]_ in

place of shroud temperature tg; used in parallel flow will also
be used in the case o:E' counter flow. .
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- As in the case of parallel flow the following assumptions are
made for counter flow:

(a) The heat-'bransfer coefficients are constant along the pipe
1engbh Equations (18) and (20) are, therefore, applica.ble for
evaluating hg and. ha.

~

(b) The upstreem gas ’cempera:bure tig 1 can be used to ova Tt .

the air properties in equation (18)

(c) The- upstream alr temperature tae can be ueed. to eval’uate

alr viscosity in equation (20)

"

The radiant-heat-transfer coefficient hr is evaluated. by use cEE
equation (23}, the pips ‘temperature tpg, and the temperature taa
‘for beth the air and shroud temperatures.; A tiial-and-error solu-

tion neceseitated by the use of % in equation {14) to evalvate .
6o 2

for use in ‘the h,. equation is avoided by the su!bstitution of tel

in place of tg,. Since the gas tempera.tm'e drop is emall; this sub-

stitution will cause little error in ‘the calcula'bed. design tempera-
ture %
e2*

Pressure drop.- Equations (24), (31),. (34), (35), and (37) are

applicable for the determination of pressure drop for the counter-
: flow case with the following exceptions

(a.) "a]_ 18 replaced, with' 40‘32

0.2

('b) “a ', is eva.luated at. 'bmerature tage

¢ c) pal is interchanged vith Py, .

'.mnmm. mim:rcATIoiv OF__PAI,'%ALIEI;-M EQUATTONS

Heat~transfer and preeem'e-drop tests were made with an experi-
mental ez.’naust-pipe-ehroud. setup Por parallel flow in order to v
the Tinal parallel-flow design equations (12), (13), (1k), (31),
- and {34). A further purpose .was to debermine the d.egree of con-
servativeness of using alr fbemperatlme for shroud teunpera.ture.

e b o
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Bxhavst-FPipe-Shroud Setup _

Exhaust:gipe-shroud flow system.- The test equipment consisted
esgentially of an experimental exhaust-pipe-shroud test section, an
aircraft engine, and a source of cooling alr. A diagrammatic sketch
of the entire system is shown in figure 3. .

The test section consisted of two concentric pipes 20 feet long.
The outside pipe or shroud was made of black iron with an ll-inch
inslde diameter; the inner or axhaust _p:tpe was made of stainless -

steel with a %-mch outside dlametér. The shroud wes covered with

a 3-inch thickness of rock wool, and the entire test section was then
surrouwnded with a metal shield to protect it from the blast of the
propeller on the engine. The pipes were centered at both ends of
the test section and were spaced at the midpoint by three small steel
fins vwhich were welded radially to the exhaust pipe with enough
clearance to provide for expansion of the exhaust pipe and shroud

at high temperatures.

An Allison V-3420-11 engine was utilized as the exhaust-gas
producer. Expansion between the engine and the test section and
engine vibrations were absorbed by four stainless-gteel expansion
Joints welded in the exhaust pipe.

The shroud cooling air was supplied by a centrifugal blower
Provided with a bell-shaped inlet and a 4O-mesh copper screen at the
blover outlet to reduce air-flow pulsations to a minimm. A 12-inch
radial-vaned flow straightener vas placed 1- foot downstream of the
discharge as a precawntion against whirl in the air flow, and a
venturi 10 dismeters below the blower outlet measured the cooling=
air flow. The cooling air had to be conducted around a bend of

- about 135° before it entered the test seetion. In order to reduce

the bend loss, the diameter of the pipe from the venturi to the bend
wvas gradually increased. A 4D-mesh copper screen placed et the end
of the bend and a radial-vaned flow straightensr placed in the con-
tracting section were required in order to insure a good distribu-~
tion of the cooling-air veloclty. and total pressure at the entrance
to the test section. The cooling air-was discharged at the end of
the test section’through a diffuser to decrease the exit loss and
consequently to release a larger quantity of the available blower
Pressure for forcing air through the system.

tation.~ The instrumentation installed in each of the
stations is illustrated in figure . The three stations were numbered
from the upstream end of the test section and spaced as follows:
9. 9 Ffeet frcm station 1 to station 2 and 10 feet from station 2 to

—————— o
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gtation 3. The relative location of all the thermocouples and pres-
sure tubes at a typical station is showm in figure 5. All instru-
nments at each station were mownted in one plane perpendicular to the
axig of the pipes et 120° intervals.

All temperabures were measured with chromel-alumel thermocouples
in conjunction with e Brown self-balancing potenticmeter. Exhaust-~
gas temperatures were measvred with two radiation-shielded inconel-
covered thermocouples per station which were located near the center
of the exhaust pipe. Average exhaust-pipe temperatures were measured
at each station with two thermocouples spot welded to the outside of
the exhaust pipe. Thesé thermocouples were placed radially in line
with the exhaust-gas thermocouples to producs a minimmm blocking
effect in the annular space. Three thermocovples were spot welded
to the outsidé of the shroud at each station, and one thermocouple -
was placed. midway betveen ‘the stations for an average station tempera-
ture and a representative temperature gradient down the pipe. Cooling-
air temperatures were measured with three radiation-shielded~traversing
thermocouples per station. All thermocouples were calibrated befors
and after the tests.

Three rakes were installed radlally in the anmular space at
each station. Each rake consisbed of four shielded total-pressurs
tubes, one unshielded total-pressure tube, and one static-pressure
tube; the static-pressure tuvbe was nearest the exhavst pipe. The
shield had to be removed from the total-pressure tuvbe nearest the
gtatic-pressure tube as the shield was responsible for disturbing the
air flow over the static-pressure tube. Three vall static-presswre
orifices were also installed at each atation. :

The flow of the exhaust gas was obtained by measuring the engine
cherge air with a calibrated venturi and by measuring the fuel flow
‘with a rotamster. The gasoline used in the tests was )00-octanse
grade 130 aromatic Puel, specification AN-F-28 vith a hydrogen-carbon
ratio of approximately 0.17

Tests _ \

Isothermal pressure-drop tests.- One .test (test A} was made to

deternine the pressure drop in the annular space with only air passing
through the system. These runs were made to establish the friction
formula inaemuch as the measured predgsure differences were about

equal to the friction losses; the momentum loss due to change in
density was negligible with no heat present. The speed of the cooling-
alr blower was varied so that the range of Re;nolds number, based on
the equivalent diameter of the amnuler space, was from about 100,000

to 324,000, Pressurs equilibrium was determined for all observa~
tions. from line plots.

o
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Heat~transfer tests.- Four series of runs wore made %o include
an appreciable range of Reynolds and Prandtl numbers with both
cooling air and exhaust gas flowing ih the system. A tabulation
of approximate values.of the variables involved in the isothermal
. and heat-transfer tests is shown in table 1.

The effect of Prandtl mumber on the gas and air heat-transfer
coefficients was obtained by varying the fuel-air ratio over a range
Prom 0.063 to 0.090 while Reynolds number on the gas and alr sldes
of the exhaust pipe was held-constant (test B). This variation of
fuel-air ratio wgave.a large variation.in gas 'bemperature.

The effect of exhaust-zas Reynolds number on the heat~-transfer
coefficient of the exhaust (as was established over a large range
of Reynolds numver in two ‘tests. While the fuel-air ratio &nd
cobling-air Reynolds number were held. congtant, the engine povwer
was varied to obtain a variation in exhaust-e;as Reynolds nuumber.

In one test (test Cy ) the ezhaust-gas Reynolds number was varied.
from epproximately 120,000 to 220,000 at a consgtant cooling-a
Reynolds number of 170,000. In the other test (test Cp, a con-

tinuation of Cy) the exhaust-gas Reynolds mumber was varied
from 215,000 to 360 000 gt a constant cooling-air Reynolds number
of 250,000. ,

. The effect of the cobling=-air Reynolds number. on the heat-
transfer coefficient of the cooling air was obtained in test D by
varying the Reynolds number over a range from 170,000 to 280,000 .
while-the exhaust-gas Reynolds number and the fuel-air ratio were

held constant. The cooling-alir Reynolds number was varled by

varying the air £flow by means of the blower.

The cooling-air pressure differences were obtained in’each of the
fouwr heat-transfer tests to compare these resulits when an appreciable
momentum pressure loss. was present with the results of the isothermal
tests and to determine the applicability of the friction formula
established in the isothermal tests. The extensive range of Reynolds
number obtained in test D provided for a large ransze of pressure drop.

Temperature traverses of the anmnuler space at each station and
pressure and temperature. equilibrium fran line plots wore obtained
- Tor.ald observa'bions.

A congparison of exhaust-gas samples @streem and dowmstream of
the test section showad that no afterbm'ning occurred in the exhaust

pipe. ) . "
Methods - .

Verification of shroud-design equations.- The method of checking
the equations for the design temmeratures and pressure drops was to
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compare the values measured in the tests with the values calculated
by means of the equations, the measured values of temperatures at
the upstream station, and the flow rates. In the present tests no
exit loss was involved and cdlculated values of (4pp + AHy) were

compared. with measured values. The degree of conservatism of the
method of designing for limiting air temperatures rather than for— -~ - -
1limiting shroud temperatures was obtained by comparing the measured
alr 'bamperatures with the measured shroud 'bemperatwes. ‘ '
The calculated. values of temperatures required determination of
the heat-transfer coefficients hy, h,, end hy. Zquation (20),

equation (23), and methods outlined in the section entitled "Funda-
mental laws for heat-transfer coefficients"” were used to calculate
the convection coefficient on the alr side h, .and the radiant-heat-
transfer coefficient by.¢

The emissivity of the exhaust pipe, vhich was required in
evaluating h,,, and the emissivity of the ghropd were obtained from
reference 5. This reference shows values of 0.79 for oxidized steel

and a selected value of 0.70 for stainless stee)l (8 percent nickel,
18 percent chromium)

) For all tests both equa-bions (15) and (18) were used to calcu-
late the convection-heat-transfer coefficient and ‘tempera-

tures obtained by use of the values calculated :E'rom each eq_ua‘bion,
~yexe compared to determine the effect of using .air -properties.in’
place of gas properties. The appropriate temperatures.used far -
determining the properties were given in the section on- "Fundailental
lawe for heat-transfer coefficients.” The properties were obtained
from the appendix. A check was made for a few tests of the errar
involved in the calculated. temperatures by use of 0.30 and 0.24

for P and °1°a » respectively, rather than the intesrated mean

values of specific heats. —
The measured values of alr and exhaust-gas temperatures at sta-
tion 1 and the weight-flow rates of air and gas were substituted in
equation (13) in order to calculate the downstream exhaust-gas tem-
peratures. Measured values of air and gas temperatures at station 1
and calculated values of these temperatures at the dowmstream sta-
tlons vere used to calculate pipe temperatures by means of equa=
tion (14%). " The air temperatures at the dovmstream stations were
calculated from equation (12) end calculated. values of dowmstream-

. pas temperature.

The friction factors were obtained Ffirst for the data of the
isothermal tests (table 1) by use of equation (25) and wers. plotted
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against Reynolds number, It wves determined from this plot vhebther
the simple exponential variation.of equation (26) 1is valid and, if
such were the case, vhether the values of .C and n mey be used.
Values of the friction factor f or off C and - n from the iso- .
thermal tests were then available to calculate A;pf -for the heat-

transfer tests with either equation (25) or equation (31). Equa-
tion (34) was used to calculate £fy, ip- the heat-transfer tests.

Values of calcu]ated. -downstream air 'bem;geratures were used to cal-
culate dowmstream air densities for use in the formulas.

Verification of the design formulas was accomplished by com~
varing the foregoing calculations with the measured values at both
station 2-and station 3; station 1 was used as the upstream station
in both cases. The appropriate pipe length was used in the formmlas
in each case. ' ’ . B '

Integrated mean ‘temperatures and pressures.- As a result of the

large temperature gra.d.ien'b of the cooling air in the annular space
true mean air temperatures and pressures could only be obtained by
integrating the measured pressure-. and tempereture-distribution
curves across the amnulus. The integration of all the data obtained
in the tests would have involved a vast amount of labor and time
vhich did not seem warranted. ' Consequently, a method wés developed
for correcting arithmetic averages. TFor test D mean values of the
measured air temperatures were obtalned for the three stations on
both an integrated and an arithmetic basis. The arithmetic values
were plotted against the integrated values and the resulting straight-
line curves were used to correct the arithmetic averages of the
measured alr temperatures for all of the other tests.. In all plots
Presented for the comparison of calculated and measured valuss, .the
results are based. on these corrected arithmetic-mean measwred alir,
‘temperatures.

In order to integrate the air temperatures of test D with the
individual measured temperastures weighted aceording to the local
weight rate of flow,.the static a4nd total pressures as well as the
temperatures at each local point must be known. When the _Pressure
and temperature distributions in the annular space were plotted.
some doubt arose as to the correct profile for the curves from the
tube and themocot.mle positions nearest the walls of the pipes to
the walls inasmuch as the nearest pressure and temperature readings

were aboub 38- inch from the ml;s of the pipes. As a consequencs,

the pressure-distribution curves in the vicinity of ‘the walls of the
annular space for the isothermal tests were obtalned by applying
methods available in reference 6 for obtaining velocity profiles in
pipes and by using a uniform temperature gradient across the space.
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In the heat-transfer tests the temperatures in tlie vicinity of the
exhaust-pipe and shroud walls which were required to apply the
methods of reference 6 were not available. The pressure-distribution
curves were therefore faired approximately like those of the 1so-
thermal tests.

In order to determine the effect of. this fairing on the inte-
grated temperature average, one run of test D was obtained from
another fairing in which the pressure-distribdution curve was extended
much closer to the pipe walls. The temperatures obtained from a
survey neerest a pressure rake {see fig. 5) were used in conjunction
vith the pressures of that rake to obtain the integrated-temperature
averages at the pressure-rake location. The érror involved in the
integrated air temperatures by using such noncoinclding temperatures
was also checked by computing one run of test D by use of tempera-
tures obtained from cross plots of the temperature test data at
pointe coinciding with, the pressure-tube locations. The temperature-
distribution curves for 'best D from the point of read.ing nearest the
"“walls to the walls for any survey were determined by a trial-and-

error process by use of information from reference 6 and the pressure=
distribution curves obtained as previously explained.. .

Only the temperatures at the center of the exhaust pipe wore
obtained at each station because of practical difficulties and also
becguse, in turbulent flow in a circular pipe, the mean temperature

-1 very close to the center temperature. The cenber values were
therefore used for the mean values.

The integrated-pressure averages at each station for test D
were obtained.by welghting the individnal pressure and temperature
values according to. the. local weight raté of flow. The reguired
individuval pressure and temperature values were ohtained from the
distribution curves described in thb section entitled "Verification
of shroud-design equations.". For one rwn of test D the integrated
values for each station were obtained for each of the three types of
fairing described in the foregoing paragraphs. Pressure losses were
" then compared by using both the inbegrated~ and arithmetic-measured
pressure averages. For tests other than test D, only arithmetic
averages of the measured. Pressures were used to calculate-ths losses.

Inasmch as g few ‘bhermocouple ‘Tailures resulted in the loss of
some of the temperature data, the missing temperature.values were
determiped by assuming & hea:b balance between the gas and the cooling
air. The prohibitive time element involved in repeating tests until
a complete set of ‘bemperature data was obtained was considered. $o be
adequate Justification for ’ohis procedure .
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~ Oomparison of Experimental ahﬂ. Galculated V‘alues

The compar;lsons of tenrperatures end. pressures drope calcula.ted.
by using the theoretical equations with ‘meastired values will be
given in the following sections. A 459 line is drawn-on each part
of each figure presented. When the plotted data fall on these lines,
porfect agroement between thé measured and calculated values is indi-
cated. The results of the calculations to détermine the effects of
using air properties for gas :properties in the equation for- gas
convection-he&t-transfer coefficient b, the constant speciﬁc-
heat values » the arithmetic pressursé averages to determine Tressure
losses, and the three. types of .fairing of pressure- and. temperature-

--ddstribubion curves for the. annular space are’ given first inasmuch
as they had a direct bearing on the worhm of the remaining results.

. Effecte of approxlma,tions and. fairing methods. 'I‘he effects of

the different fairina methods and the approximations to simplify the
camputations on the calculated design temperatures and pressure
losses can be obtained from teble. 2, ~In this table. the percent
difference bebween the approximate values and precise values or
percent difference between the results based on mesthods of refer-
ence 6 and results 'based. on other fairing methods. are- given.

Comparison of calculated values ef dovmstream exhaust-gas tem~
peratures,. cooling-air temperatures, and exhaust-pipe temperatures
obtained by use of values of hg . based op aix properties at tem-

perature te; with values of temperatures obtained by use of values
of. hy based on gas properties at temperature teoy showed: n.egligible

differences in the gas and air temperatures and only simall differ-
ences: in-the pipe temperatures. (See table 2.) The pipe tempera-
tures based on air properties. were about y ;percent Tower than those
based .on gas properties. Gonsequenthr, comparisons of calculated
‘temperatwres and measured values presented hereinafter have used a
value of h,. based on air properties to determine the calculated
values. S . ) . .
.. mhe -calc_ulations to determine the effect of. using constant'
values of specific heats in place of inmtegrated mean values showed
that no noticeable error was introduced in the values of.cploulated
design temperatures. {See table 2.) In the following results,
constant,.values of speciﬁc heats were therefore used to calculate
the temperatures. -

The :Lntegrated. station pressure averages obtained from the
three types of fairing differed to some exbent, but the reésulting
station-to-sbation pressure losses agreed very well. (See table 2.)
Also, the pressure logses for test D based on the arithmetic averages
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of measured pressures were in excellent agreement with losses based
on integrated averages of measured pressures. This agreement was
considered sufficient Justification for the procedure of using the
arithmetic averages of the measured preseuree to determine the
measured. preesure lossesd..

The three types of fa;lring resulted in slightly different inte-
grated mean air-station temperatures, but these differences and
their consequent effect on the results from the design .equations
(table 2) were not significant emough to warrant basing the inte-
grated mean air temperatures on any other than the original fairing
described in the methodas. The original fairing method was conse-
quently wsed to determine the integrated air temperatures for all
of the runs of test D.

. Vith regard to the camparison of arithmetic and :ln’cegrated.
average temperatures, the following results of test D may be of
interest to other investigators:

(a) Measured air temperatures based on arithmetic averages were
about 5 percent higher than those based on in‘oegrateé_ averages.

" (b) Calculatea. downstream exhanst-gas temperatwee based on
arithmetic averages were about 1 percent higher than ’chose based on
integrated averages.

(c)Calculated downstream air temperatures based on arithmetic
averages were about 4 percent higher than those based on integrated
averages. . .

Downstreem exhaust-gas temperatures.- A comparison of the cal-

© culated doynstream exhaust-gas temperatures with the measursd tem-

" . peratures for stations 2 and 3 is given in fijure 6. The calculated
temperatures are less than 1%’- percent lower than the measured values.
This small difference probably results either from determining the
heat-transfer coefficients for use in equation (13) by the methods
outlined or from errors of measwrement. A conclusion is drawn thet
the desigi equation (13) and the simplified equations for heat~
transfer coefficients for dstermining the downstream exhaust-gas
temperature are satisfactorily verified.

E:mauet-pipe temperatm'es- The compariscn of the calculated
exhaust-pipe temperatures with the measured temperatures for the
three stations are presented in figure 7. At station 1 the cal-

" enlated temperatures average gbout 3 percent lower than the measured
values. Corresponding values for stations 2 and 3 are approximately
5 percent and U percent lower, respectively. The difference between

e e mm e ——— - e, g = n e ST e
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the calculated and measured va¥ues at'station 1 is probably due to
the fact that the’ yipe-tenme:-atwe equation was derived by assuming
that the radiation was negligible; -which tends to make the calculated
values higher than the measured valies. An opposite effect is
created by using the heat-transfer coefficlent hy based on air--’

properties rather then on gas properties; this substitution has a
tendency to red.uce the pipe tempera,tures. The difference between
the calculated and measured downstieam. tenmeratw:es may be a cumla~
tive effect caused (1) by using calculated exhaust-gas temperatures
vhich are lower than the measured values, (2) by.using calculated
air temperatures which are higher than the measured values, (3) vy
neglecting radiation, and (4).by using air properties in the equa~
tion for value of hg. The first and fourth factors tend to decrease
and the second and third factors tend to increase the calciilated
exhaust-pipe temperatures.. From figure 7 it im concluded that
exhaust-pipe temperatures, predicted- from equat*ons of the type of
equation (14) with air properties used throughout in the heat- '
transfer-coefficient formulas, will be from 3 to 5 percent too low.
The verifigation is-still acceptable, however, within the limits of.
en@eerinﬂ practicability. -

Cooling-air temperatures.- The calculated dowmstream cooling-
alr temperatures deviate aboub 3 to 4 _percent from the measured
values as shown by figure 8. This difference is attributed to the
fact that the calculated exhaust-gas temperatures used in equa~

tion (12) were about 1%‘- percent lower than the measured. valuee. In

the lower range of temperatures at station 2 the calculated tempera=
tures are higher than the measureﬁ. values whereas in the higher
range the opposite is true. A% station 3 the calculated values are .
in general higher than the measured values. The use of gas prop-
erties Instead of air properties would not have apprec:lably changed.
the result given in figure 8 because such a substitittion had a
negligible effect on the calculated downstream exhaust-gas and air
temperatures. Although the difference between the calculated and
measured air temperatures is rather large, the proposed method
apparently leads to the prédiction of conservative values of down~
stream air temperatures. The use of equation (12) and methods given
to predict air temperatures are therefore congidered satiefactory
for shroud design purposes. ) .

Relation of measured shroud temperatures to measured codling~

air temperatures.~ Inasmuch as the a.nalysis uges as a desigh criterion
the cooling-air temperatvre rather than, the shroud temperature, these
two temperatures should be compared. The, results of this comparison
aré shoim in Pigure 9. The shroud temperatwe was about 20° F higher
than the corrected. arithmetic mean cooling-air ten@erature at station 1,

CACY T
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about 20° F lower at station 2 ani 40° F lower at station 3. The
shroud temperature also Increased from the.upstream station to the
dowmstream stations. Inasmuch as the calculated dowmetream air
temperatures were in general higher than the measured air tempera-
tures, the procedure of using the air temperature as a design
criterion will result in a. very conservative design for the shroud
temperatures.

Determination of constante in friction-pressure-drop equation.-

The friction factors for the isothermal tests were plotted against
Reynolds mumber of the cooling air on logarithmic coordinates

(fig. 10) and the values of ¢ and n for use in equation (31)
were found %o be 0.07 and 0.20, respectively. The expcnent n is
approximately the value obtained for straight pipes but the value

of C 1is high as compared with values obbained for smooth and com-
mercial pipes (0.046 and 0.054, respectively, reference 1). Although
- in references 3 and b higher values of C are advocated for annuler
spaces then for pipes, the value of C deteymined for the diametei
ratio of the test setup on the basis of equation (27) was calculated
to be 0.058, vhich is still lower than the value of 0.07 determined
experimentally. Consequently, it is believed that indeterminate
Dipe rougimess wes probably a factor influencing the valus of C.
Ingerting.the vealues of C and n in equation-(31) gives the
following expression for Appt -

o=

gy = 20719 .7,.,;&(;-2 — (1 * fﬂ)wa%-s (10)
T () e g N e

Cooling-air pregsure losses for heat-transfer tests «~ The date
of figure 11 show the comparison of the calculated .and measured.
cooling-air ‘pressure losses from stations 1 to 2 and statiqns I 4o 3
for the heat-trensfer tests. The isothermal data are.also plotted
in figure 1l as a check on the calculations. Perfect agreement -
between the calculated and measured Pregsure losses is obtained for
the isothermal data, as indicated by the plotted poinits which fall
along the 45° lines, because the C and n values vsed to calcnlate

the frictlion pressure drops were.obtained from the measured pressure
drops. ’ . )

The calculated values of the pressure loss averaged about
10 percent higher than the measured values for the heat-transfer
tests. Thiam difference 18 due partly to.a slight overestimation of
the heating=- and friction-pressure losses from equations (34) and (40)
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since these equations are very. sensitive to downstream air tempera-
‘tures, which have previously been shown to have been overestimated .
by about 3 or 4 percent. The difference bebtween the calculated and
meabured. pressure losses for the heat-transfer: tests is in the con~
servative direction, as was the-calculated cooling-air temperature,
and therefore a desiga based on the equations will be conservative.

- GENERAT DISCUSSION. « .

The cooling-air flow rates and the ratios of. the coolingrair -
flow rates to exhaust-gas: flow rates used in the  experiments were
much- higher than those usually encountered in-flight. These rates
and ratiog were uged because errors in measurement are reduced vhen.
larger quantities are involved and because the flow rates in flight
are in the turbulent~flow region as were those of the experiments. -
Moreover, the laws of heat.transfer -and pressure loss in pipes
ostablished in a certain range of the turbulent-~flow region are
generally applivable with little error to other ranges in the region.
For the latter two reasons and because, in general,.the design-.. -
formulas for parallel-flow systems- were verified.in the experiments,
it is believed that the design formulas will be applicable to flight.
In a calculation of a shroud design the Pact that the.pressure loss
will be overestimated will result in the calculated temperatures
being more nearly equal to the actual temperatures than in the
experimental results. )

Since the equations have no d.iamgt'er-ratig limitation provided
that the cooling-air flow in the annulus is turbulent, the verifica~
tion of the parallel-flow egquations for one ratio of shroud diameter
to exhauvst-pipe diameter lends support to the belief that these equa~
tlons are applicable to all practical values of the ratio of shroud
dilameter to exhaust pipe diameter for which the cooling-air flow is
expected to be turbulent. Although no counter-flow tests were rum,
the counter-flow equations are believed to be equally as applicable
to design problems as the parallel-flovw équations because of their
gimilarity. - Tn the ‘analysis thé assumptior that the downstream
Shroud- temperature would always be a little less than the downstream
cooling-air temperature vas made for the case of parallel flow and
the case of counteér flow. The validity of this assumption was -
verified for parallel flow by experimental data. ITn the case of.
counter flow, however, the temperatures of the exhauvst gas, the
exhaust pipe, and the cooling air are highest at the downstream sta~-
tion of the shroud: It may be possible, therefors, because of radia-
tion from the exhaust pipe and because of the small téemperature differ=
ential bDetyéen the cooling air and ‘the shroud thet the shroud tempera=
ture may be higher ther the-codling~air temperature at the downstream

- v—— = y
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gtation. Thorough exploration of this poseibility would require
olther a complex analysis or further testing, both of which were
outside the scope of the present investigation.

One problem of immediate importance for which the equatioms
derived in this paper should be applicable is the design of shrouds
for the tall pipes of jot engines. The design equations will be
applicable without modification if the luminpsity of the gases is
negligible. If luminosity of the gases is appreciable, the analysis
wvill require extension to account for the heat transfer from the
exhaust gas to the exhaust pipe by thermal radiation. If flaps or -
ejector pumps are used, and the cooling-ailr exit pressure is thus
decreased from atmospheric, the application of the pressure-drop

relation to shroud design must include methods for d.etermin:lng this
cooling-air exit pressure..

Turther research is needed to establish definitely the basic
laws of heat transfer and pressure losses in annular spaces, espe-~
clally with respect to the fluid temperatures and constants that
should be used. The principal source of difficulty in the deter-
mination of such laws 1s the temperature gradient of the cooling air.
In addition, investigation of 'pressure losses in amnular bends would
be a great ald in predicting accurgtely the pressure drops in specific
exhaugt-pipe~shroud installations. Finally, the extension of the
present work to include tests of shrouded, tail pipes for Jet-emgine
ingtallations mu:}.d. be desirable. gy

SIMMARY OF'REsmnis

The design equations for predicting shrouded exhaust-pipe-instal-
lation temperatures for parallel-flow systems were verified within
,the limits of engineering requirements by tests of an experimental
exhaust~pipe-shroud setup for one ratio of shrovd diameter to exhaust-
pipe diameter. A comparison of measured values with values calculated
by use of the design equations based on constant values of specific
heats of exhaust gas and cooling air, air properties, and corrected
mean air temperatures showed that: ,

(a) The calculated values of downstream exhaust~gas temperatures
generally were never more ‘than Z%‘- percent lo_t_-rer than thé measured
values. '

(b) The calculated valuss of exhaust-pipe temperatures generally
were loy:er_ than the measured values by not more than 5 percent.
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(¢) At the dowistresm stabions, the calculated cooling-air
temperatures were above the measured shroud temperatures.

(&) Conservative values of cooling-air total-pressw'e losses
were obtained with the pressure-drop equation. The calculated
values of total-pressure 1oss wers about 10 percent higher than the
measured. values. .

: The uge of constant values of 0.2’+ ana. 030 for the specific
" heats of cooling air and ex‘haus'b ens, respectively, and the substi-
: tution of air properties for exhaust-gas properties for determining
the heat~transfer coefficient’ for.the exhaust-zas in the design
‘equations resulted in a negligible chenge_in the values.of cal-~
culated exhdust-gas and cooling-ajr temperatures and only a slight
decrease in the values of calculated exhaustvpipe teunpera.tm-e.

IT - PROCEDURES FOR SHROUD DESIGRN
GENERAL DESTGN CONSIDERATTONS

L4

. The-problem -of .shroud design requires the determination of the
diameter of the shroud for vhich certain desj.ga—installation ‘tempera=
tures will not exceed specified. limite vwhen the pressure drop
available for forcing air through the system is known. In order to
provide satisfactory cooling for all operating conditions, the shroud
must be designed for the flight condition in which the cooling
requirements are the most Tifficult to meet; generally, this condi-
tion will be maximm power (climb) at rated altituvde.

An analytical method for determinirig the shroud. diameter with
a minimm of" Pressure loss in order not to exceed a limiting tem-
perature such as that given in detaif for ithe case of intercooler
d.esign in reference 7 couid theoretically be developed. Such methods
are impractical if not almost impossible with the complex equations
‘vhich were derived in the analysis , and, consequen-bly, graphical
golutions were used. L,

The general nrocedure for design 18, for a given length of

" sghroud, to use the equations to determine the -design temperatures
and. 'bhe cooling-air pressure drop. - A value of shroud diameter is

" assumed and cglculations are made for several assumed values of
cooling=air-flow rate. These calculations are repeated for other
assumed values of. shroud dlameter.. Curves -of the significant design
temperatures are plotted against cooling-gir-flow rate for each
-ghroud. diameter asgymed. From these curves the value of cooling-air
flow rate for each shroud diaméter glving a temperature equal to one
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limit:l.ng values 1s noted.. Each of. theee combinations of shroud '
diameter end cooling-alr-flow. rate for ~which choking d.oes not oqeur
{Map <1.0) 1is then used to calculate the pressure loss in ‘thée

ghrond. A blot of-this pressurd loss against. shroud diemeter is
made and compared with the préssure avdilablé for forcing:air through
the shroud. gystem.- Any -shroud dlameter for which:the-pressure loss
required ‘is less than that available will give adequabe cooling..
The d.iame’cer to choose wlll be’ that diameter‘ whioch will.give.the
groatest ‘avdilable pressure loss, unless thig dtameter catses exces-
slive coolmg drag. VWhen: the latter.conditionocewrs the diameter to
choose is 'bha.t for which cooling dx‘ag 18 a nﬂ.nimm . .
o When 'bhe Pressure drop’ reqmlred. 1s. gpeater than tha’c available
and’ augnentation methods fall to increage -the avdailable.pressure -
drop sufficiently, the shroud may be divided into shorter: segments
8o that two or more cooling-air entrances and exits are provided as
dilagrammed in figure 12. The shorter-length segnents require less
Pressure drop than the sirigle-gegment .design. - Dhe to the complexity
of the duct systems involved, no more than two segments will generally
be usged. If the limits imposed. on the design installation tempera-
tures cannot be met with a shroud system of practical size or number
of segments for the pressuré drop available, some albernatives are
ava.ila.ble and 'will be d,iscuesecl 1n a sect:!.on to :Eollow

The chbice of the sizb- of the inle'b d.uct carrying 'bha cooling

"elr from-the free stream to-the shroud inlet is important and is
interrelated with the:shroud: degigh, -because part of the dynamic
pressure of flight is utlilized to overcome the losses in this duct
-and. thereby a decrease 18 caused In the pressure drop available for
"' cooldrig in the'shroud. The ‘cholce of size, within practical limits,
s such that no appreciable ‘gain-in preesure drop available is
‘obtained wi’oh furﬁher incre‘ase in the’ area ‘of the- duct.

Detail step-'by-etep proced.ures for the design of:a shroud. are
glven for the following systems:

(a) Sing’le-eegnent ‘system Eor parallél' £1ow o

"’(b) Single-segment system for counter flow

3

(c) Multisegment system.for parallel or tounber flow

In ocrder to" exped.ite use of these procea.ures methodical calculation
forms for parallel flow and countér flow are given in tables 3 and L,
.. respectlively. In addition, table 5 and figures 13 to 16 are given
.%o gimplify” the calcule.tions The design proced.ures are concerned
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with step-by-step explanation of how these calculation.forms. qre
used "to design a shroud for a specific installation. . Figure-2;.
illuatrates the s;ymbol notation ip the shroud.vsystem sketchﬂ ,;

A typieal example has been solveﬂ. for an ins’callation of a
four-engine bamber and: results are. 1listed coincidental to ‘theé dis-
_cussion of the mrocedures. The numerical calculatioms are inclidsd
in table 3 and pertinent valueg are given in the discussion of the
procedures., - The example uses a straight exhaust-pipe-'shroud sys’éem
.. for parallel flow with the exhaust gases being delivered fo’the -

, turbine. of the. turbosupercharger through a siigle, straight exhaust
pipe. A Btraight inlet duct of constant cross~sectionsl &rea, haa
also been assumed. Temperature limits weré specified for 211’ the
. §esign Installation temperatures for illustrative reasons. .In an
aQ’lwaL d.esiq:, problem, however, the design insta:l.‘.lation temperatm'es
.fcn‘ Which limits mst be specified. are :gepu.‘l;lar 'bo each installétion.

[y - -y
S NS = e
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s bt Cerhain gerivatione, ouher hhan those gi:ren in the" a.nalyaie
,pxesani;ed.,‘ara reguired in’ the. Prooeilifres. in, order o.design & °;
‘shroud system.., The, me’bhoﬂs o:f.’ d.e’cezm_ining ‘the cooling-aiy ireight
rate of flow &t vhich clhioking occours at the shroud exit (designated
‘herein, the choke. fagtor), the copling drag, and the pressure, tem-
peratu:ne 5 and, available. Dressure drop at the shroud en‘brance musrl:. be
considered, . fl‘he a.iscussiqn of these factors follows, . . ...

e e
-l

loke .fac o~ ‘l'he method. in the yara,llel-flov desiga prooedm'es

. foa:' de'bemining 'bhe coolihc;-air weight rate of flow at vhich choking

" occuls in “the shroud. system .15 dependerit .on 8. reIat:Lon obtained from
ccmpreseibia,-flmr theory. .. With the assmp'bion that no Ligat is added
to the air in the inlet duct @nd that no friction drép ocours in the
amular .8pace. of, the shrond:pipp gystem, a relation ‘between the ratilo
‘of tH6 air ‘stagoation tem:peratwea at the Bhro;ud. exlt Ty, . and

shroud inlet (assumed. equal to Tot) and. 'bhe ohoke fac’oor

. :
1.384w, d % ... can be, obtained from, cgmpressible-flow

(22 - )Ehl
theory for Mack- nmn‘librs a¥’ the shrdud extt wup - ‘to 1.0+ - Datér fou'
curves of this relation wore calculatea. :E'or domatrem cooling
) -Mach mnﬁt?ers oT 0.6* .7, and L.0v
RO Tlie glven procedure "for design is to d.etermine 'bhe cooling-air
Flovw rate Por whith 'bhe choKe''fat 4e’ at ite 1imi'bing valud based
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on a downstream cooling-air Mach number of 0.6 instead of 1.0. The

value of W, 8o obtained is not the maximum value that will exist

in the shroud before choking occurs; however, the use of the choke=-
factor curve for a Mach number of 0.6 is recommended for the fol--

lowing reasons: (1) The pressure drop will increase with Mach

number. (2) The shroud-exit pressure losbes are.smaller for lower values
of Mag s thare'by increasing the pressure drop available in the shroud

for coo.'L'lng purposes. (3) ThHe limiting choke factor is overesti-
mated by the stagnation-temperature ratlo relatlion because the
latter relation is based on the assumption that no friction occurs
in the annulus. (U4) The pressure-drop and heat-transfer formulas
are more applicable at low cooling-air exit Mach numbers then at
high cooling-air exit Mach mumbers. Ab Mae equal to 0.6 or less
the assumption of cooling-air exit static pressiure equal to the
free~stream static pressure, which is used in the pressure-drop
formulas, and of the heat-transfer equation being based on true
temperatures instead of stagnation temperatures (the latter being
‘the corvect temperatures to use) will lead .to little error in the
results. At the present time scme aircraft shroufed exhauvst-pipe
systems are not cooling satisfactorily, possibly because ’chey are
at the choking Limit. -

Cooling drag.- When more than one shroud diameter will provide
adequate cooling of the installation the best selection of the shroud
diameter would be the one giwing the lowest cooling drag if this
drag is appreciable as noted in the foregoing general considerations.
The drag power i€ obtained from the formula :

Drag pover = F-g-vo(vo - V2) (l!'l)
C 8

vhere the velocity V, is that of the free stream, the velocity Vo
is that at the shrouvd exlt and the value of W, corresponds to the
value of dg selected.

Eressure at shroud entrance.- The total pressure at the shroud
entrance is detexrmined by the following eguation:

. Hal

= HO - MO"J. (2"2)

P mar e e e v A —— A — i TP * < ATT—r (oW e
- - = oY G



36 NACA TN No. 1L495

" where -

" AH,.y' Yressure drop in inlet duct, pounds per square-foot

: 4 free-stresm total pressure, pow:_td.s‘ per square.foot

0. :
The total pressure of the free stream is obtained from altitude
tables in referencé 8. Standard-sir values ere used in the present
example as it was only given for illustrative purposes. In actual
designs probably the sumer-air values will be required, which are
also. given in reference 8. Although swmer-airtemperatures are

- .higher “than standard-air temperatures, a check calculdtion for, ‘the
example showed that the use of the summer-air teémperatures in ‘place
of those for -standard air made no appreciable difference in the
shroud dimensions necessary for adequate cooling. The details of
deteérmining the pressure loss in the inlet duct AH,.; will.be
glven in'stép (10) of the procedure for a single-gegment shroud with
parallel flow. ' . . o o

The static pressure at the shroud entrance - Pay must also be
determined. From compressible~flow relations given in reference 10
1% can be .shown that . el e

"

AN a_l) 1-(_%;) . 43)
PaitPalt \7 - 1 \Hay Hay

»

N
) wl.zere Ppyy and a;-!it ar‘e‘tﬁe_ d.ecasity and. velocity of sound of cooling

air’'at station 1 based on stagnatlion conditions and 7 is the ratio
of specific heats. Now the stagnation torperature at station 1 is
- equal %6- the fres-stream stagiation tempsrature.- -Then eyuation-(43)

. reduces .to. .- - 3 . .

-

_ 138, \Tor ) T2 (T‘al _ ____:L_T (4)
(0 - &P)mey V7 - 1 \Fay ) |

' This equation is represented by a curve in figure 16 vhere the
left-hand side of the equation is the ordinate and the abscissa

1 y-i
4
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18 E‘f.’:.....f."f‘l- The figuwre s divided into several parts for dif-
" Hay >
“P
ferent ranges of E.i-]:—-——a-'—l-- If the values of ‘the ordinate

Hg
L
and Hay &are kmown, pg; may be determined from figure 16.

Temperature at shrovd entrance.- The temperature of the cooling
air at the shroud entrance is debexrmined from the squation

7-1
b p 7 P 00286
Ta = Tal'b (ii) = To'l'. (.ﬁ.z.i.) . . (45)

vhere Tot is the free-stream sta.:mation temperature.

Available pressure drop at shroud entrance.~ The pressure drop

available for forcing the air througx the vhole system (inlet duwct .
and shroud) is equal to H, - Py with the assumpbtions that all

the velocity head at the shroud exit is lost and that the static
pressure at the exit is free-siream static pressure. The ‘pressure
drop required by the inlet duect is equal to fH,.j. The pressure

drop available for Porcing the air through the shroud is the dif-
ference, or

Movetlable = (B - 20) ~ Moy (6)

In the foregoing formulas the subscript 1 hes been used to
denote shroud entrance. This subscript is for parallel flow. For
counter flow all subscripts referring to this station should be
changed to 2.

SINGLE ~SEGMENT SHROUD FOR PARALLEL FIOW

H

For a parallel-flow system the shroud must be designed so that
imposed limiting values of downstream exhaust-gas temperatures tea,

exhaust-pipe temperatures 'bp, and downstream shroud temperatures ‘cgz

will not be exceeded. (See fig. 2(a).) Values assumed or calculated
for this example are .given in the following steps:

new e e
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Step 1 ~ Exhaust-gas flow rate We:

From menifacturer’s data or the followlng eppro:ﬂmte formula
obtain )

Wy o LZR(Le ) 00 v oo
3600 .

where
£ fuel~air ratio

bhp brake horsepower
Then, for the illustrative emmple

W =h8hpo1mdspemsecond

-
-

Step 2 ~ Inlet. exhausti-zas ‘benmerattme _ ?ei’
The value of tgy * way be obtained frq.tm the equaiion

'beiatm'xz.‘ . ’ (18)

t,  exhaust-gas temperature at manifold obtained from
manufacturer 's data or by analybical methods

x cooling. rate of gas In exposed exhaus'b ‘pipe, approxi- .
mately 2° per foot ‘

1 length of exposed exhaust pipe between menifold and
shroud. e:rbrance . .

For :T.llustrative burposes, a value of te]_ 1s assumed., as
Y .
o
) tgy = 1800° F

Step 3 - Exhavst-pipe diemeter d:

v

The outside diesmeter of the exhanst pipe dp i3 obtained fré'm

maxufacturer’s data or installation drawings.

s
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Step 4 - Airplane and altitude conditions:
Alrplane altitude and velocity are secured from manufacturer's
data for the design flight conﬁ.i'bion. Free-stream conditions p,,

T - and p are obtained from altitude tables for sbandard
air. (See reference 8.)

Step 5 ~ Deslign downstream exhaust-gas temperature tept

Obta;lp teg from manufacturer's data on the safe coperating

temperatures of the turbine or, if a turbine is not used, the
value selected by the designer for reasons peculiar to the
ingtallation. Decrease this cleisign imposed maximum value

of teg' by appro:d.mately l- peroent in the design procedure

to correct for the slight lmderestmtion of downstream
exhaust~gas temperature by equa'bion (13)s For the example, the
degimn maximma temperature is 675° 7 _and, . therefore,

tep = 165o° F

Step 6 = Design exhaust-pipe temperature : %2
Obtain fram aveilable data or estimate from experience the
nmaxirmm ‘temperature at whioh the exhavst ‘pipe can operate.
yithout. danger of failure. Approxima.te limits to use if no
data are available .are from 1200° F to 1450° F. Decrease this
design jmposed maximum valus-of iy, by approximately ! percent

In the design procedure to correct-for -the slight underesti-
mation of downstream exhaust-gas temperature by equation (14).
For an imposed maximm pipe temperatwe of l’+50 .

vor . H

arroac "'épall;oowh‘ T -

Step T - Design shroud. temperatwe ts.

N r oy

Zne in from tﬁe gecmetty . ahd location of components “of the
tallation the maximum shrovd Yemperature that- will naot pro-
..upe. adverse-effects of heat radiaticn. vIimits to use, if
none are specjfled by the airplane or engind maniﬁ'hcturer, are
“between 500%F and 800° F.. If the shroud touches or passes
close & “rubber, nsoprene, .or other organic materials, use a
lower limit of 500° F and shield the shroud.at these points.
This value of t5 is used for the critical downstream
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cooling=aly temperature 'bae because, as brought out in the

section entitled "Relation of moasured ghroud temperatures to
measwred cooling-air tem:peratwes, a conservative desimn

" procedwre to meet a limiting shroud temperature is te design
for a limiting cooling-air temperature of the same valus as
the shroud-temperature limit. For the present 1llustration,

tg = by = E00°F

Step 8 ~ Emigeivity of exhaust pipe ey?

The emissivity €p for the most 'comonly used exhaust-pipe

material, stainless steel, is about 0.70, and this value can
be used inasmuch az amall eryors in the absolute value of €p

~ will have a negliglble effect on the design. If another
“wfit-material is used, refer to a‘standerd heat-transfer test far
values« The value used in the example ‘is

¢ = 0470

‘Btep 9 - Cooling=-air-flow rate Wyl

ABsume a large rengs of values of coolingralr-flow rate
(approximately 1/8 to 1/2 of vdlus of W) and use with each

assumed valus of shroud diameter. Assumed. values used for' W,
are 0.50, 1.00, 1.50, 2,00, 2.50 pound.s per second.

Btep 10 - Selection of shrouﬂ.-air-inlet duct size:

Assume en Inlet duct .croas-sectional area. For the values of
cooling-air-flow rate Wy, wuse the equation for the pressure

drop in the inlet duct

: ' ‘ ’ .
Mo-l = 0.0.5%0. + ot IPD‘;qif + Kbq'ib 'E‘ ‘. E . Kd ( - -q-———?:-bo) qid
! - . .JH |t "

L"V. J ' PR — L v
Inlet loss  Sum of Sun “of . Swm of diffuser
‘ straidht~ bend: - N « losses

"section losses =~ | 7,
- losses 2

—— - =
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and the methods and data of veference 9 to calculate the pres-
Sure drop avallable at the shroud entrance. (All or part of

" tHe -equation is used depending on duct geometry.) Repeat these
cgloculations for other assumed values of duct size. Plot
Movo11anle oERinst W, for each duct size. (Fig. 17(=)s)

Select the inlet-duct arem that shows no appreciable gain in

. Yressure drop with further increase in duct area. When space
limitations restrict the size of the inlet duoh, use the
largest area possible to get maximm Mayaijahles From
figure 17(a), the values selected for d.uqt size are?

. Ay = 0.2376 eguare foot

a4 = 0.550 foot

Step 11 - Length of shroud 1t

Obtain 1° from installa.tion geomeh'y and purpose of shroud.
The initial choice should be a single~segment shwowl. The
value of 1° for the present e:@m;éle iss

. 1= 18 feet
Step 12 - Diampter of shroud dg

Assume a large range of practlcal éhroud. diameters, such as,
:Eor ‘the present problem,

-

d'B = 00542, 0583, 0@5, l667, -710, 0752 foot

8tep 13 - Curves of cooling-air statlc pressure at sbroud inlet Pal

Determine the value of g, by oomputing items (30) to (36) of
“table 3 with values of W, assumed in step 9. The calculations
cambot be continued for a.ny combination of dg and Wg- that
causes item (3%) to exceed 0.5907, foar at this value choking
occurs in the inlet duct to the shroud. Plot the choke Pachor
(item (34)) against Wy for each dg. (Shown, for the present
examples, as the radial lines of figwre 17(b).) The cooling- .
air-flow rate for each dy is further limited by choking in
the shroud dus to heat addition to the.air. Thus, -the limiting
value of choke factor {item (34)) must be obtained for the
actual value of downstream cooling-air temperature that will
result with eath W,. These temperatures are not yet kmown;




ko

.NACA TN Yo l’-'-95

therefore, “the’ caloulatiens Tist- be con'bihuea. 'so that tap
can’ be determ:lned. For’ all Ihe assumed: W +values, for each dg
*\;ha'b will not cauwse- the. inlet ‘duct to choke. FPlotb Pay
against Wy for ach 4, as :!.n figm:'e 17(‘0)

Step 14 - Curves of cooling-ain temperatwe a.t shroud. 1-nlet tayt

Detemine value of. ba 'by comput‘.ing Item’ (37) of ‘table 3.
Plot -tay ‘against: Wy for’ each dg 46 in ‘Pigurs 17(d).

Step 15 - Curves of vpstrean exhaus-b-pipe temporature ’oplz

Determine value of tp; - by compubing items (38) to (50) of
table 3. Plot tp, against W for each &g (fig. 17(e))-

Step 16 - Cvrves of d.omstream exhaust-—gas tenq:erature tept

Determine value of 1:62 by comp\rbiwg items (52) $o (64) of
table 3. Plot tp,'-against’ Wy for-each dy4 (£1g. 17(£)).

Step 17 = Cwrves of downstream cobling-sir temperature bgpt

Deternine valus of ta, by computing item (65) of table 3.
Plot tgp..against Wy -for each dg. (figs 17(a))..

Step 18 - Cwrves of downstream exﬁ:atfxst-pipé tem:peva.twe" tpp*

Determine tp by comput:lng itams (66) a.nd. (67) of table 3.
Plot . tp, against Vg . for each -dg- (£i34.27(h)).:

Step 19 - Desiem @y .and Wy combinatiopss -° .

Select from the plots’ o'bta.ined. in Bteps 15 to 18 (ﬁgs. 17(e)

to I7(h)) the valus of- ‘W, - 'needed for each dg to make every
ingtallation ‘temperature, eg,uarl to its -gpecified limiting valus.

{See steps 5 %0 T.): A1l instellation temperatires considered,

the maximm value of W, -obtained for each’ dg "is the cooling-

air-flow rate req,uired to maintain all installaticn’ temperatures

" below specified Hmits. .Plot these maximum valués of W, on
_‘the radial. .4y - lines of the plot obtained in step 13 (fig. 17(b))

to obtain the.clioke=facter curve for required cooling-air-flow
rate. BSelect the value of ta2 for these same. Vi; - and dg

combinations from the plot obtained in step 17 {£iz. 17(8)).

T e o ——. vTo ~ya = mmm— e m e — o —— e e ew e
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Use theso values of %, to determine the cooling-air down-
stream stagnation temperature from the equation )

Valay o .

Tap, = Tap + 0+2361 -
“aPap

where p&l2 is cooling-air downstream static pressure assumed
equal to free-stream static pressure. Determine Taet ITO’G for

each d.B and Wa combination. Obtain the value of the limiting
approximate choke factor for each. TaQtITOt from the curve

for Mgy = 0.6 of figure 17(1). (Recommended design procedure
is to limit Mg, to a value of 0.6.) Plot these values of

choke factor on the radial dg lines of plot obtained in
step 13 (fig. 17(b)) to obtain the choke-factor curve for the
recommended design limit. Select from this plot the values

of dy for which the choke factors for required cooling-air-
flow rate are less than the choke factors for the recommended
design limit. (For the illustrative example, values of dg
selected from figure 17(b) Were 0.667, 0.710, and 0.752.) Use
these values qf. dy and the-corresponding values of required

cooling~air-flow rate Wy "in the shroud pressure-drop calcula-
tions (items (68) and (69) of table 3). For the 4y and
required W, combinations for which choke factors for required

cooling-air-flow rate are greater than the recommended design
1limit choke factors, it is possible to determine the Mach
number at the shroud exit. Thosé .cambinations for which Map -

is less than 1.0 mey possibly provide satisfactory cooling if
sufficient pressure is available to force the air through the
system. Such designs, however, are not recommended.

Step 20 ~ Curve of cooling-air pPressure drop through shroud AH: -

Determine 'bhe‘ pressure drop for each dg and W, combination -

Tinally obtained in step 19 by computing items (70) to (88)

of table 3. BSelect values of Pay, Tgys and tg, needed for
this calculation from the plots obtained in steps 13, 1k, and 17

| (figs. 17(c), 17(d), and 17(g)). Plot the MHyoquired S0 _
obtained, the _AHavaLilable for the inlet-duct size previously

selected (step 10), and dgy against Wy on the same curve.
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The 4, values are plotted against their corresponding combi-
nation values of W, that meet imposed limiting temperatures

as obtained in step 19. The plot for the illustrative examples
is given in figure. 17(J3).

Step 21 ~ Selection of ehroud diameter dgt

Compare the pressure-drop-req_ujred. curve with the pressure-drop-
available -curve (from step 20). Three situations are possibles

(1) A1l of the pressure-drop-required curve is lower than the
pressure~drop-available curve. For this case select the value
. of dg corresponding to the value of V; having the greatest
excess avallable pressure drop or, 1f appreciable, the lowest
cooling drag. Any shroud diemeter will give adequate cooling.,

(2) Only a part of the pressure~drop-required curve is lower
than that available. For this case select the value of dg
in the range of the value of Wy for vhich the pressure-drop~
required curve is lower than the available-pressure-drop curve.
The best diameter to wse in this range is determined as in the
preceding case l. °

(3) A1l of the pmesstn'e-.drop—required. curve is higher than that
avallable. For this case no single-segment shroud of any
diameter used will provide satisfactory cooling. In order to
obtain the reguired cooling the shroud must be divided into
segments of shorter length. The design procedurs for this
case 15 continued in the sectlon on multisegment shrouds.

The sample problem fell into the category of case 3 in step 21.
(see £ig. 17(3).) A two-segment shroud was asswmed and the design
continued as explained in a subseguent section on multisegment
shrouds. The inlet ducta for both segments were assumed identical.
‘The design procedure, calculations, and curves for the multisegment
shroud are similar to those for -the single-segment shroud; there-
fore, they are not glven for the sample problems A sghroud divided
into two segments of equel length, 9 feet long and 0,752 Ffeet in
diameter, was found to provide satisfactory cooling for the subject
installation. Pertinent values are listed in the following table:

Valus of Wy %o | A in ghroud | MHgvailable | Cooling=
rrovide required { for required for required | alr-exlt

Segment . cooling cooling VWa value Mach
{1v/sec) (1v/sg £t) (1b/sq £%) nvuher
First 1.2 . 85,6 9l1.5 0.32

Second . 2.00 88.1 91,0 ] .31
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Tho exit Mach number for both. segments-is noted to be far below the
rocanmended design value of 0.5, The drag power for the two-segment

ghroud was less than’ ; porcent of the brake horsepower of the engine.

This drag power is an inapprec:la'ble power requirement and wlll have
a very small effect on the alrplane-performance. .

SINGIE-SEGMENT SEROUD FOR COUNTER FLOW -

~

fhe desin of a shroud for counter £low proceeds exactly as
for parallel flow using, howaver, the calouwlation form given in
table 4. For a counter-flow system the shroud must be desigred to
meet limiting values of dowmstream exhaust-gas tehperature (in the
emaust‘-gas-flow direction) Tens . dqv_m_stream cooling-air tempera-
ture (in the cooling-alr~flow direction) tay, and upstream exhaust-
pipe temperatwre (In the exhaust~gas-flov direc'b:ton) tp, illus~

- trated in figwre 2{b). This condition comstitutes the appre=
clable difference. between the design for counter flow and parallel

- £low.

Steps 1 to 14 - Factors and cuives reg,uiréd. for shroud design:
The factors and curves required for shroud design are deter-
mined exactly as in parallel flow, steps 1 to 1%, respectively.
In steps 10, 13, and 1lh4, station 1 is replaced by station 2. -

Step 15 ~ Curves of downstreanm exhaust-gas temperatvrs teg'

Dotermine tep by computing {tems (38) to (64) of table h.
Plot tep egainst Wy for each dy

Step 16 - Curves of downstreanm cooling-air temoera’owce bayt

Determine ta; by computing itém (65) of table k. Plot tgy
ageingt Wy for each dg.

Step 17 ~ Curves of u:pstream exhaust~pipe temperatmre t-p N

Dotermine tpl by computing items (66) and (67} of teble 4,
'Plot tPl against Wa for each &ge
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* Step 18 - - Desigy dﬁ end wa com'binations.

"Select:. ;Erom 'bhe precediné pj.o*he of installation temperature
(stebs 15 to 17) the value of Vp. for.eack dg° glving a

"1 temperatiws equal to the 1:lm1t;!.ns temperature. After all
installation tamperatures are considered, note the value of Wy
vhich ives a temperature egual to ons of the limiting values
and_loyer then-all the other limiting values for each dg. The
procedwre given in step 19 of parallel flow is used to determine
the dg and Wy combinations that ylll nok exceed the recom-
mended limiting choke factor. These cambinations of dg and Wy
ware usdd in the pressure-aro:p caloulaj;ion, (Items {68) and (69)
of table lh) _ : N

Stels g - Curve bf cooling-air pressure drop throush ahroud. A

. Determtine 'bhe presswa drop for each d.8 and W,  combination

*- obbained in step 18 by, cmpu'hing items (70) o (88) of table k.
Select values of. Pag’ tﬂe’ and - tay- needed for this calcula-

tion from the previously drawn plots of these’ values against Wa
(steps 13, lll- and 16) Plotr the - Mnpqnires 80 Obtained,

" the Aﬂavailable for the inlet duct size previously selected
. (step 10}, .and-. 33 ~against. W, "“on-thd san_le curves The dg
- values -are plottedvé,g&inst thelr eo:;'responding cambination
values of Wy.:that-mest ffiposed limiting temperatwee as
o‘b'bained. in step 18 ' . . P ¥

PR - - -

Step 20 - Selection of ehz-oud. d.iameter gt .

" | S
Selection of slu'oua. diameter is exactly thé -same as for parallel
flow (step 21), Simllarly, if no single-segment shroud of any
dlameter used will provide satisfactory cooling, the shroud
' mist be divided into segments of shorber length. The design
_proceflwre for this case 18 continmed “J.n the fonowing section
‘on multisegment shrouds. . .

 MULTTSRGMENT' SHROUD FOR PARALIEL GR COUNTER FLOW

The design of a.multisegment shroud proteeds in much the same
manner as that of the single-segment shrovwd for elther parallel flow
or counter flow, because each segment 1s treated as an individual

shroud and 1s dependent only on the preceding sesment for the inlet
exhaust-gas temperature. .

— e ——— cwr o
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Step 1 - Diameter of shroud 6.3:

Select the shroud dismeter from the pressure=drop curve, obtained
for the single-segment shroud, which requires the smallest pres=
sure drop for adequate cooling. Thie value of dg is used for
all the shroud eegnente. ,

Step 2 = Segment Met-exhaust-gae tempera'bu're Yoy t-

Determine the Inlet-exhanst-zas ten@ere.tu):'e for each shroud
Segment by -assuming linear gradlent of exhaust=gas temperature.
The exhaust-gas temperature at the shroud entrance and at the
turbine inlet are the. inlet-exhaust~gas temperature and the
design downstream exhaust-gas temperature, respectively, i
obtained for a single~segment shyoud from gbeps 2 and 5 of the
Parallel-flow or counter-~flow design procedures,

Step 3 ~ Segment design downstream exhauvst-gas temperature -beaz.

The segment inlet teﬁpera’mmee obtalned in step 2 are used as
the limiting exhaust~gas temperatures to be met at the exit of
the adjacent upstream segment; that is, tep of first segment

equals tg; of second segment, ahd so forth. (See fig. 12.)
Step 4 - Detexmination of .shroud dlameter &gt

The design then proceeds exactly as expldined previously, with
table 3 used for parallel flow or table 4 for counter Fflow;
each segment is treated as an individual shroud. The pressure
drop in each shroud segment is calculated only for the value
of 4y from step 1 and the value of Wy that gives the .
required cooling and for which the recommended. limiting choke
factor 18 not exceeded. The shroud diameber selected in

step 1 will provide satisfactory cooling if the pressure drop

. in each shroud segment is less than the pressure drop availlable
for that segment.

Tt'1s wnlikely that more than two segments with two entrances
and two exites will ever be used because of the complexity of the

duct system, the additional welght, and the possible attendant drag
increages.

n e rerEARTAa- | e = e —— —
[ B
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TROVIDE UNSATISFACTORY COOLING

o

Vhen the pressure drap avallable for, cooling is less than the
yressure drop required for adequate cooling, ‘the available pres-
sure drop can be incredsed by several methods: . (11). locate the
" intake of the inlet duct in a region of higher dynamic yressure,
(2). locate -the shroud exit in.a reglon-of lower pressure, (3) use
a fan or ejector pump, and (4) install diffuser at the shroud exit
to recover some of the exlt -dynamic pressure. “If such improvements
are impossible or- the resulting galn 4n avallable pressure drop is
dnsufficient; to provide the additional.cooling required, the only

. - alternative left ls to . select the most,Pavorahle.shroud geometry

based. on-the criterions-set . up in.fphe foregoing procedure, to

determine the cooling-air-flow rate and design temperatures that

. wlll. be- obbalned for the pressure-drop.available, and.then to adapt
the installation by relocating components of the installation and

- selecting materials thet:ean yithatand sthese temperatures.

-

4y . . . DISCUSSION OF TESIGN PROCEDURES
For'this investigabtion the Heat transfer fram the exhavst gas
-. 39 the cooling air.wme determined to be more greatly affected by
! tHe cdoling-dir<floy rate than By 4ny other varigble that may change
"with flight’ condition. Sifice the cdolihg-air~flow rate varies
approximately as ‘the square root of tHe Bendity #t the shroud inlet
and the pressure drtp avellsble dnd ‘since the density decreases 80
rapldly with altituds, ‘in the usual-case “the most critical f£light
. condition for' ‘dedign is maximwmi-pover £light-For the slowest speed
(climb) at rated altitude," LT B

""In the prodedurés glver herein all of ihe exhaust gas was
assumed to flow through one exhaust-pipe. In the cases in which
two exhaust pipes carry the gases from the engine to the turbine
.or to the atmospheére,  the éxhaust-gas~flov vate for each pipe is
assumed equal G mé-half the exhaust-gis-flow rdte through the

engine. -

In the design procedure a wide range of practical shroud
dlameter is assumed, as was illustrated when the sample problem
wag discussed. Since increasing the shroud diemster relative to
the exhaust pipe decreases the dowmstream cooling-ailr temperatures
and the cooling-air pressure drop for a shroud of constant length,
(see Tigs. 17(g) and 17(J)) it wowld seem desirable to assume large
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values of ghroud diamster.  The exhaust-pipe temperatures and the
e::dmust-gas temperatures, however, -inerease with increase of shroud
dlameter. (See fiags. 17(e), 17(f}, and 17(h).) The shrova atemster,
therefore, is limited by the a.l;Lomble exha.us'b-pipe and exhaust-gas
temperatures and the. weighb and space limita'bions of the installation.

Analytical methode for d.etermining the upstream exhaust-gas
temperature tey are not well developed and constitute another
. Problem which 18 not considered herein. In the present ‘work the
manufacturer's data are assumed 4o exist. The Flight -condition for
which the shroud is being designed will set the engline-operating
conditiona that will enable the designer to detexrmine from the .
engine data the, gas .temperature at the exhaust manifold. The exhaust~
gas temperature at the inlet to the shroud system can then be assumed
equal to or slightly less than the temperature at the exhaugt mani-
fold, depending on the length of exposed pipe from the exhaust mani-
fold to the shroud system entrance. The temperature drop in the -
uncooled length will probably be not moxre than a few d,e@reea pexr
foot of lengthe. X " o

For the came of a design in vhich a aingle-segnent shrouﬂ. does
not provide satlsfactory cooling it has been proposed that a multi-
segment shroud be used. Another ;proposal for those cases in which
shroud temperature is exceeded in a.single-segment system would be
to use a dovble shroud around the hot immer ripe. Wo calculations
were made for such a system but it has definite possibilities pro-=
vided that space is available. Again for those cases in which the
shroud-temperature limit is exceeded, local heat shields may provide
satisfactory protection of the installation at the witical pointe
of the shroud sygtem.

!/

' CONCLUDING REMARKS .

The equatione for predicting installation tempera'bures and.

’ oooling-air pressure loss for shrowded exhaust~pipe systems for
varallel flow are considered to be verified within the limits of
engineering requirements for one ratio of shroud dismeter to exhauste
DPipe diameter by experimental data. Since the equations have no
diameter-ratio limitations, provided that turbulent cooling-air Flow
exists in the annulus, the verification of the equations for one
dlameter ratio lends suppcu:"g to the belief that the. equations sre
applicable to all practical ratios of shroud diemeter to exhauste
pipe dlemeter for which the cooling-air flow is expected to be
turbulent. No experimental data were obtained for comter~flow
systems. The counter-flow equations, hovwever, are believed to be
equally applicable because of their similarity to the paral'l.el-flow
equations.

e e s e e g e —— - ———— -
S
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The application of the eguations to the design of shrouds has:
been considerably.simplified by the use of constant values of 0.2h
end 0.30 for the specific heats of the cooling air and the exhaust
@es, respectively, and: by the .use of air properiles in place of '
exhaust-gas properties for detexrmining the heat-transPer coefficient
of the exhaust gas« Caleoulations showed that these substitutions
have a negligible effect .on ‘the acc.m'acy “of the rosults. K

The detailed procedures and, charts, based’ orf the d:er4Ved equa~
tions, permit the determina-bion of the proportiqns of an exhaust~
pipe shroud that prov*das desired or maximum cooling of an exhaust
installation for both parallel-flow and coumter-flow systems. ‘The
procedures for the initiel choiceg of a single-segmen'b shroud are
extended to multisegment shrouds for the case in which desired
cooling cannot be realized with a single-segment shroud. These
procedures are furtheyr .sxtended. to include the case in which desired
cooling cannot be attained with a multisegment shroud of practical
proportions. For this situation the proceduires permit the deter-
mination of the shroud proportions that provide the maximum possible
cooling and the determination of . the valve of installation tempera~
tures that exist with that shroud. The resilts of tho design
example, which is included to illustrate the use of the design
procedures, indicate that in mll-d.esigned. shrouds adequate cooling
cen be o’btained with inepprecisble .cooling drag.

One problem of immediate significance for which the equations
and methods of shroud design.are believed to be directly appliceble
is the design of shrouds for the tail pipes of jot engines provided
that the luminosity of the gases in the teil pipe is negligible and
the cooling air exits to the atmosphere. If the luminosity of the
geses 1s not negligible for Jet-engine instellations, however, the
analyeis presented in this paper must be extended to include the
heat transfer to the exhaust pipe\by gas radiation. TFor instella-
tions in which flaps or ejector pumps ars used the method of appli~
cation of the pressure-drop relations to shroud design.muét be
modified from that of the present method to accdunt for the departure
of the cooling-air exit pressure from atmospheric pressure.

Lengley Memorial Aecronsutical Leboratory. .
National Advisory Committee for Aeronautics
Langley Field, 'Va., Juae 19, 1947

¢
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APPENDIX
PROPERTIES OF EXHAUST-GAS MIXTURES AND ATR
Status of Data on Properties

During the present investigation vwhich led to the development
and verification by experiments of equations for the design of
exhaust-pipe shrouds and the development of shroud-design procedures
based on the equations, certain properties of air and exhaust-gas
mixtures for temperatures as high as 2300° ¥ were required, These
Properties were the enthalpy, Instantaneous specific heat, viscosity,
and thermsl conductivity.

Data existed on the enthalpy end instanteneous specific heat
of air fram 80° F to 2240° F in reference 11 and on the instan-
taneous specific heat, viscosity, and thermal conductivity of air
from -100° F to 1600°F in reference 12. Equations were also given
in reference 12 for the determination of viscosity and thermal
conductivity. Some data on the properties of mixtures of two-gases
are glven in the literature, but only a small amownt of data on
viscoslty is available on mixtures of gases with as many constituents
as exist in exhaust gas from engines. Equations for the instan-
taneous specific heat and enthalpy of exhaust-gas mixtures, how=
ever, were derived in reference 11 based on classical thexrmodynemics
and tables of congtants included for use in the equations. The data
of both references 11l and 12 were based on the work of many experi-~
menters over g long period of years. )

In order to meet the foregoing requirement for the shroud
deslgn investlgation values of viscogity and thermal conductivity
of air from 1600° F to 2300° F and values of instantansous specific
heat and enthalpy of exhaust-gas mixtures from 500° F to 2300° F
had to be calculated by use of the equatioms of references 1l end 12.
In addition,” Formulas had to be derived for the viscosity and thermal
conductivity of exhaust-gas mixtures in a menner similar to the
derivation of the formulas for instantaneous gpecific heat and
enthalpy of exhaust-gas mixbtures in reference 11, and values of the
properties had to be calculated with use of these newly derived
formilas over the same range of temperature as the other exhaust-
gas-mixture properties were calculated. The exhaust-gas-mixture
properties involved properties of individual gases such as carbon
monoxide which were obtained for the most part from reference 12.

The purpose of this appendix is to give tables or charts of the
foregoing properties and also the Prandtl numbers of air and exhaust~
gas mixtures over the range of temperature indicated and based on the

v
’
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foregoing calculations and data. Detaills of methods for obtaining
the properties and the derivation of the formmlas for the viscosity
and the thermal conductivity of exhauvst-gas mixtures are included
herein. Although some of the results have been given in other
Dbapers, these results have been replotted so that all results will
be in convenient form in one paper.

-—

. The accuracy of the calculated results is wncertain in most
cages because of the nonexistence of experimental data. Some indi=
cation of the acouracy can be obtained by noting the accuracy of
‘the properties of the individual gases in the references from which
they were obtained and the manner in vhich calculated data falr into
the experimentel data. As far as the properties of exhaust-gas .
mixbures are concermed, regardless of the accuracy of the individual
gas properties, the accuracy depends on the exactness of the classical
‘thermodynamic theory (presumably the best theory to date) which was
used in reference 1l and in the present paper. Until experimental
date are avallable, the celculated results presented hereln are
conslidered to be the most accurate avallable.

Symbols
BEs0 ~ __P-O_g
- 2
%1 2,015 )
0 = 5
%2 = "o 018
1 3
12
by = 002 X0
12
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Cp = ko, + 2kgo = 2lgo,

¢y, Cp constants in formula for viscosity of ailr
cl’a instantaneous specific heat of air at constant pressure,
Btu/1b/°F
Cp instantaneous specific heat of exhaust gas at constant
® . pressure, Btu/lb/°F |
Cy dnstantaneous specific heat of alr at constant volume,
a Btu/1b /°F
°"Hp_0 instantaneous specific heat of water vapor at constant
. Yolume, Btu/lb
2 -
12
Bp = kg0~ koop
12
HE;0 * HGO ™ Heop
By =
2,016
kg0 + Xpo = Yoo .
E2= . ’ oo : il e
2,016 . e o
£ fvel-air ratio _
g ratio of absolute to @cavitational uni'b of ness, l‘b /slug,
or dcceleration due to gravity, £t/sec®
ig heat content (enthalpy) of cooling air, Btufld (referred
%o 0° absolu’oe) _
1a hea'b content (enthalpy) of exhaust gas, Btu/ib (referred
, to 0° absolute)
X constant in equation (A23)
Ky constant in equation for k, determined fram p, and Oyy

\




5k

kH2o’ lqvg, ves

HHUJH“F

ot

Re

p'HéO: ”Na: see

WACL TW No,. 1495

constant in equaticn for lqa:zo

thermal cond.uctivity of cooling air,
Btu/sec/sq ££/°F/tt

thermal cond:uctivity of exhiaust: ms,_-
Btu/sec/sg £t/F /et

thermal conductivi ty of exhaust~zas constituents
(Gesignated by subscripts), Btu/sec/sq £6/%F [£6

molecular weight of air (29)

hydrozen~carbon ratio . ) . '
Sutherland constant in viscosj.."a.y squation
temperature, °C absolute or %F avsolube
exhaust-gas temperature, %F absolute
temperature, °F

mols of exhaust gas per mol of air

absolute viscosity of air, slugs/séc/ft o

absolute viscosity of exhaust gas , slugs/sec/ft

abgolute viscosity of exhaust-;as constituents
(designated by subscripts), slugs/sec/ft

fy= oop * ¥ " oo b0
fo = k002 1“52 ¥go - k0

Pre,

Pre

* Prandtl mmber of air (c.P pagra)

Prandtl number of exhaust gas (%'eu;g Iké)
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Chemical E‘;ym:bols_

co mols of carbon monoxide in eixﬁauét.@s per mol of air

burned : ] '
(CO)'=CO+H2 - e
COp mols of carbon d.ioxid.e in exhaust zas per mol of air
burned
(00) = coy - By
H2 mols of hydrogen in exhaust gas per mol 'of air burned
HyO mols of w;ter vapor in exhaust gas per mol of air burned
(Heo)' = Hy0 N Hy
(Heo)a mals of water vapor in air per m;al_ of -air burned
N2 mols of nitrogen In exhaust gas per mol of air burned
0 mols of oxygen required for combustion per mol of air
burned ]
Op* mols of excess oxygen ilzl‘e;k‘ha{:st. gas::per mol of air burned

(02) mols of oxygen in air per mol of air burned (0.2098)
a

Methods of Obtaining Properties of Alr

Enthalpy 1,.- The enthalpy for air over a range of temperature

from €0° to 2240° F has been reported in table IT of reference 1l.
All enthalpy values were referred to a temperaturse of 0° absolute.
The values given were based on information published in chemical
Journals from 1933 to 1939; the camplete bibllography containing the-
information is glven in reference 1ll. These valuwes were plotted
against temperature for use in the present paper in order that all
of the data compiled herein would be available in-one paper in a .
convenient manner. -
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Ingtanteneous specific heat Cpg ™ The instanteaneous specific

heats of air based on the same information as that for the enthalpy
of air and over the same range of temperature are also glven in
table IT of refervence 1l. In reference 12 the instentaneous specific
heats of air are also given from -100° F to 1600° F. The results of
references 11 and 12 are in excellent agreement for the overlapping
range of temperature. A curve of instantaneous specific heat of
air over a range of temperature from =-100° F to 2240° F was then
dravn based on the data of the two references. Further comparison
of the data of referexces 1l and 12 with data on insbanteneous
specific heat in reference 13 up to 1600° F showed the latter data
also agresd very well with the other values.

Viscoslty pgyo~ Values of viscoslty of air for a temperature

range from =-100° F to 1600° T have been repcrted in reference 12 in
a table and e figure. These values were based on the work of many
experimenters and a bibliography in refsrence 12 gives the reportvs
used. The viscosity values glven in reference 12 were replotted for
presentation herein. At temperatures between 1600° F and 2300° F
the following formula given in reference 12 was used to calculate
the viscosity values vhich were also plotted on the cuxrve of -
viscosity agminst temperature:

3
2
T
by = 0y 2 ' (a2)
- T Eq + Cp.
where
Ta ‘teomperature of alr, °.E‘ absolute

Y a constant
Co a congtant

The constants in the formula were obtained from the data given for
‘temperatures below 1600° F.

Conductivity k,.- Values of conductivity of air are also given

in refsvence 12 over a btemperatuwre range from -100° F to 1600° F.
As for the viscosity u, these values of conductivity are based on
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the work of many experimenters whose reports-are listed in refer-
ence 12. The conductivity of air values glven in this reference
were replotted for use in the present paper. For temperatures
between 1600° F and 23000.F+the conductivity values were calculated
by use of the following formula given in reference 12

Ky = Eppgty, - (42)

The constant K, was calculated from the data on By and Xy

for temperatures below 1600° ¥ in reference 12 and from values
of cy,, the Instantaneous specific heat at constant volume, cal-

culated by means of the following formula given on page 178 o.%
reoference 13:

oy = 0.1509 + 0.0000342T, - 0.00000000293T, % (43)
&

where Ta~ is air temperature in °F absolute. Values of the-con-

ductivity of air for temperatures above 1600° F were then calculated
by use of equations (A2) end (A3), the value of K; calculated by

the method given, and the calculated values of p, for temperatures

above 1600° F. The k, values above 1600° F,were then plotted with
the values below 1600° F. : >

Prendtl number Pro.- The Prendtl number far air op u,afk,

was calculated for a range of temperaturs from -100° F to 2300° F
by use of the values of Cpys Mg, and k; that had been deter-

mined for this range of temperature.

Methods of Obtaining Exhaust~Gas Mixtwre Properties

Enthalpy 15 and instantaneous specific heatb cE.e. = Equations

for the calculation of the enthalpy i, and the instantaneous
specific heat °Pe of exhaust-gas mixtures for any fusl=-air ratio.

and hydrogen=-carbon ratio of the fuel are given in reference 11,
The squations are based on cldssical thermodynamics and complete
details of their derivation are given in the reference. Tables of
constants to be used in the equations are included in the refer-
ence. The energy of combustion of CO and Hy (carbon monoxride

and hydrogen, respectively) at the absolute zero of temperature was
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included in the constants to be used in the emthalpy equations of
reference ll. These constants were recalculated for the present
paper without this energy. The result is that the enthalpy cal-

culated with the new consbants wlll be f op_ Ty above the sbsolute

zero of temperature. Calculations of the enthalpy and instantaneous
specific heat were then made with the equations, the constents of
reference 1l for Cp,s &nd the new constants for i, over & renge

of fuel-air ratio from 0.0l to 0,12, hydrogen-carbon ratios from 0.10
to 0.20, and exhaust-gas temperatwres from 500° F to 2300° F.

It was intended to present faired curves based on these cal~
culations for the entire ranges of exhaust-~gas temperatures, fusl~
air ratios, and hydrogen-carbon ratios. It was possible to do so
for the instanteneous specific heat and these curves are shown
herein. BSince the hydrogen-cerbon ratio is a comstant for each
fuel, these curves and all the rest of the curves for exhaust-gas-
mixture properties are presented in families of constent hydrogen-
carbon ratio. The accuracy of interpolation for variables between
the given curves is limited only by the accuracy of the curves
themselves. TInasmuch as the fuelw=air ratio for the stoichiometric .
mixture varies with hydrogen-carbon ratio between the limits 0.06
and 0.08, the range of fuel-air ratio over which appropriate equa-
tions were applicable was indefinite. Consequently lean-mixture
equations were applied g to a fuel-air ratio of 0.06 and rich~
mixture equations down to a fuel-air ratio of 0.08, and the values
for a fuel-ailr ratio of 0.07 were obtailned by cross plotting the
calculated values against fuel-air ratio and interpolating in the
renge between 0,06 and 0.08. In arder to present faired curves of
enthalpy of sufficient accuracy for use, the curves would heve °
required & greatly expanded scale and consequently a very large .
flgure. In order to avoid this large plot, the calculated values
of the enthalpy of exhaust. gas for the ranges of temperatures, fuel~
air ratios, and hydrogen-cerbon ratios are.presented in a table.
One figure is zliven simply as an illustrative curve of enthalpy for
one hydrogen-cari)on ratio to show the variation of enthalpy with
temperature and fuel-air ratio. '

Viacosity B+~ Data on viscosity over only a limited range of
conditions (reference 14) were available for mixbures of gases with
a large number of constituents such as are found in exhaust-gas
mixtures. Mixtures of two comstituents are about the only gas
mixtures usually reported in the literature. An equation was there-
Tore derived for the viscosity e Dby methods which were similar

to .those used o arrive at the equations For i and cpe in
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reference 1l. Thils equation was then used to calculate ug ov'er_

a range of exhauvst~gas temperature, fuel~air ratlo, and I;ydrogen-
carbon ratio. The derivation of this equation’ is glven herein.

Discugsions in references 15 and 16 on the viscosity and
thermal conductivity of mixed gases may be summarized as follows:
FPor exhaust gases containing no hydrogen the vilscosity of the
nixture 1s very nearly the average of that of-the components,
welghted in proportion to their partial volumes. The absolute
viscosity must be used for this calculation. When hydrogen is
Presgent, the averaging process yilelds too low a viscosity. The
average viscosity computed by excluding hydrogen from the average
is probably a little too large. The thermal conductivity is
obtained by an averaging process similar to that for viscosity. The
result is more nearly correct for thermal comductivity than for
viscosity, particularly, vhen hydrogen is present. Then, approxi~
mately,

By = (002)“002 + (HE)“HQ e (Ak)
e, = (002)]:002 + (He)kﬂa T e e e N Y>))
where
x ~ mols of exhaust eas per mol of air

COp, Hy, oo mols of exhaust~gas constituents per mol of air

BGO, kHQ’ ees Physical properties of exhaust-gas constituents

The equation involving k, has been included at this point to show

its similarity to the equation for pge The conductivity, however,
will be teken up in the next section.

The first part of the problem is the detexmination of the mols
of constltuents per mol of aiir and exhaust~gas mixture in terms of
fuel~air and hydrogen-cerbon ratios. These values are then substi=
tuted in an equation similar to equation (A4) and a Formmle derived
for py in terms of the fuel-air ratio £, the hydrogen-carbon

ratio m, and the viscosities of the individual gases. Finally,
valves of | for the individual gases are obtained and substituted
In the equation for Mg
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Formulas are given in reference 1l for the masses of exhaust=
gas constitvents formed when 1 mol of air is burned for ranges of
mixtures leaner than the stoichiometric and richer than ‘the-
stoichiometric. The masses of the constituents are functions of
the fuel-aii and hydrogen-carbon ratios. Various assumptions are
made in reference 1l in order te determine these formulas. One
assumption is that, in the range of mixtures leaner than stoichio-
metric, ths fuel is campletely converted to carbon dioxide COp
and vater HpO. A further assumption made is that the amount of
water vapor in the combustion air is negligible and can be dis=
regarded for both the lean and rich mixtures. The formula for Hg

in the lean-mixture range is

= (2)roo, + @E)umyo + ()i, + (02 )ros (26)
wher-e
02' mols of excess oxyzen in exhaust gas per mol of air after
combustion .

Na mols of nitrogen in exheust gas per mol of air

Now
My = (Na)ulve + (0" Moy * (02)“02
where '
0,  mols of oxygen requived for ‘combustion per mol of air
or ’
(We)ing + (02" Joo, = wa = oo, (a7)
Substituting equation (A7) in equation (A6) gives
Ty = g + (C boo, *+ (HQO)P-Hao (0'2);102' © (aB)

From the fozmlas in reference 11l the follow:tng formulas were
ﬂ.erived.'
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e gy T anl fosen., o * "5' “&Me’c""""*"r' : R (A9)
¥a ' PR aeme v 4 WY D5 73 o et LT RERLY

[T Y, LIF A A VAR L v’ ! 4 . ; :

Ly

~ ‘ 2 . n L oL
;'.._-__3.'} :‘wa . 320 a} .‘fld'a .:2.1 s LM (' .. (‘Alo)
= 2&5@+1) -

ﬂ‘a(la m)

(m + l)

x—l+"2 o ] e ege (\ua')

02'

X-2.016(m + 1)

vhere
Lg) ifveleadr ratic S PN

n hydrogen-car'bon ratlo

7.2,9 .
A

M, molecular we"ght of air (29) ' B |

If eguations (A9) to (Al2) are substituted in eguatiom (AS),
;bhp viscosity of 'bhe exhavst @ae becomes ..

Kg . f(alm + by)

M, nm+ 1
Polha b ""e = z (Al3)
| SR P l . E

M, ' 2 % 2.006(m + 1)

'bl = M (A15)
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In the range of mixbtwres richer than stoichlomstric one of the
agsumptions made is that the constituents Of the exhatist gas are COp,

Hp0, Hp, €0, and Np. (See reference 1l.). Then,

o = (0e)boo, + (00 + (aimg + (oo + (Tom, (W29
Now
(o), = e = (02) 20y ()

whei'e
(02) . mols of oxyzen in air per mol of air (0.2098)
a . . . : :

Equation (Al6) then bscomes
o = (*02)r00y + (o) + (Fe)imy +(eco +r- Ce)yrop (139

From reference 1l the following equations for the mols of exhaus'b
¢ae and constituents were derived:

- ...- . % . . . ma'm s
00 = 2(0p) D 5eEma D " H, (A19)
fudd, .
0 - Plems D) 2 (420)
IMm M, ) '
206@m+ 1)  Gm+ 1) 2(02)a B, (221)

_1-(0) (a22)
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\TEoR) + (000" + (50) % + bl - 1)(00) '(5e0)'
2T 2(K - 1)

_E(cog)' + (c0)' + (H50)"

(a23)
2(K - 1)
where
K .= 3.8
(60, )" = (C0p) = (Hp) | (a2k)
(c0) * = (0) + (8,) (425)
(B0)" = (820) + (Hp) (426) -
=1~ (0) + i + e (a27)

a 12(m+ 1) 2.016(m + 1)

Substitution of eguations (A19) to (A27) in eguation (A18)
leads to the following expression for e in the mixture range

richer than stoichiometric:

o _ -
[E-LM;-)-EC1+TE—IE(Dl+mEl)+%¢J;

- G )]

(428)

kg =




-

vhere _ B
Gy = Mo, * 2o = Bgo (429)
D, = (2"001; koop) (a30)
) (PE,0 + Hgo = HC0p)
1 2.016 (4s1)
P1 = (Hoop * HEp = GO = Hmy0) S ach

The viscosities of the individual gases were next dstermined
for use In finding the constante a;, by, and so forth In the

equations for Hge The viscoslties of Hp, I, Op, COp, and CO

were obtained by means of formulas and values given In tebles in
reference 12. The viscosity of Hy0 was calculated by use of the -

Sutherland equation obtained from reference 17, page l. This equa~
tlon e : .

. 3 .
(50)p (2 )E (273.3. + s) (433)
(“HQO)OO o 273.1 T4+8

vhere

P  temperaburo, 0° ¢ absolute

8 Sutherland constent (from reference 17, table 1, p. 4,

8 for B0 = 650)
The viscosity of H,0 at 100° G 1s 0.2527 X 1070 elugs per secands

" Poote (See reference 15, p. 180, wnits changed to British engt.neem.ng.)
This value and the value of S were used in equation (A33) to calcu~
" late the vlscosity of water at 0° C. Since the value of ("Hao)
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wag kmown, valuea of the :viscosity over & large rangs of temperatwre
were calculated by use of equation (A33).

The constants in the equations foir p, were then calculated by
use of the viscosities of the individual gases and equations (Al4),
(413), (A29), (430), (A31), and (A32). These constants were then
used to calculate p, over rangss of fusl-air and hydrogen-carbon
ratios and temperatures by use of egquations (Al3) end (428). . -

Conductivity XKoo~ No data on the conductivity of mixbures of
gages with a large number of congtituents were available. Conse=
quently, derivations of equetions.for Xy 1in s manner identical to
that used for the equations of 'u,, on the basis of equations (Ah)
and (A5), were made. The derivations led to equatioms, for -the
range of mixtures leaner than stoichiometric, ldentical to equa=
tions (Al3) to (Al5) and Por the range of mixtures richer than
stolchiametric to eguations identical to equations (A28) to (A32),
vith the exception that every value of u in the faregoing equa~
tions is replaced with & k. The constants in the equations for k,

are denoted ap, by, Cp, Dp, Ey, and @b vhich correspend to
the constants in the equations containing fge

.The conductivities of the infividual gases were then determined., -
The conductivities of €0y, Np, €O, O, and Hp were determined

in the same manner that was used to determine the comductivity of
alr, which has already been described, by wee of the data on the
conductlvities of the individval gases et ‘temperatures below 1600° F
in reference 12, the data on the viscosities of the individual gmses
calculated in the memner given in the preceding section of this
baper, and equations for instentaneous specific heat at ¢onstant
volume glven in reference 13 fox the individual geses. The con=
ductivity of Hp0 was calculated from the formula

¥150 = Kok00vg,0 | (ash)
vhere Kp was obtained from-veference 15, p. 180, and values
of ¢,  were caloculated from an equation glven in reference 13.

VHp0
The values of viscosity A0 already described were also used.

: The constants in the equations for k, were then calculated by
use of the conductivities of the individwal gasws and equations
similar to equations (Alk), (A15), (A29) to (432) with the term p

T A L T T R A e T P e i S TR YA 1§ e T e T o | g e e e e e
W a7 . e ot et . " - P - T
O L UL
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repla.cei with -k In all instgnces. -~These constante were .then wsed .+ -
to calculate k, over ranges of fuel-air rabios, hydrogem=carbon: -
ratios, and temperatures from eguations similar to equations (Al3)

and (A28). The thermal-vonductivity. cwrves were extrapolated ~ .
between the fuel-alr ra:b:!.os ca';' 0506 a.nﬂ. 0.08 “the curves are Med ‘
in 'l'.his range y ) ; . . o

K] L--‘ .

Pra.nd-bl mmber Pre- The Prendtl, number cpep.eglke Po the wii..

gas mixtures was calculated by use of the values of Instantaneous ,
specific heat, viscosity, and -condnctivity that were read fram ...
faired owries of these properties. Becauseé of-the éxcessive overs
lapping and erossing of faired curves of thé calculated Prandtl
numbers of exhaust gases:thal were plotted for a rengs of tempera-
ture, fuel=air ratio, and hydrogen~carbon ratio, the .daba are pre=.. -
sented in 2 teble. One plot. of :Prandtl number. for ons hydrogen~
carbon ratio yas rrepared to :!,llus'b:cate the va::ia:bj.on of Prandtl - -
aumber with fuel=alr ratio and temperature. . Values at the fusl=air .
ratio of Q.07 were caloulated from the -interpolated valuss. oat‘ "
spgcific, hea'b, viscosity, and thermal caud.uc'bivity. o Lo

PYSEINE 91 bt L4 . . <

_Properj;ies of-I_:xhaust-'Gas Mixtwres and-Ait'
& opexrties.=.The instapbaneous specific neat and.enthalpy

-
[ o

of alx Gver a range of temperature up to 2300°.Frare given in
figure 18 and the viscosity, conduotivity, and Prandtl mmber ef»\. Ly
alr up:to the Same-temperature are given in Figure 19. The gala-.
culated, vAluel of viscosity and condustivity abave, 2600° E fair -

' very woll into the values below 1600° F (fig. 19); thus, confid,ance

I8 prdvided i,n the formulas used in the caleulations. - f..f.e

!Ehe Instantaneous speciﬁo heat (f:tg. 18) varied from abou{; 062)4-
at roan Temperature to 0.29 at 2300° ¥ , Consequently, the ¥alue
of 0.2} ustally used may be in error as much as 15 percent.

. . The Frandtl mmber is also usually assumed.a constant with a
value of aboub 0.73. Figuré 19 shows that use of this value ab
room temperetures will lead to little error, but its use at high
temperatures will lead, to some error beoa.use the ?.i-ana.{;l mmiber
fallstoa.valueocfa’noutoée, ; ) -

1

Exha.ust-@.s-mixbnre propertieg.~ Valuves of the enthalpy Iy
of exhaust-gas mixtures are glven in table 6. Figure 20 i.‘!.luatrates
the type of variation obtained with fuslw-alr rgtio.end temperature |
for a hydrogen=carbon ratio of 0.,10. From tablé 6 and.figure 20 it .
isapparentthattheminchangeinenthalpyogcmbgcauseof .« .
temperature .change. C
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O .
The veriation of the specific heat of exhaust*gas mixtures

with temperature, fuel=aly ratio, and hydrogen-carbon ratio is

glven in figures 21(a) and 21(b). An appreciable change in Cpe

occurs for & wide variation in temperature and fuel=alr ratio, but
-the change with hydrogen~carbon ratio is much less. Appreciable
error could possibly be introduced in a problem dealing with
exhaust~gas mixtures if a comstant value of Cp, Such as 0.30,

which is sometimes assumed, is used.

Curves simllar to those of figwre 21 for GPe are glven in

figure 22 for the viscosily 'see Values of p, and of the constants

to be used In the exhaunst~gag-mixture viscoslty equations are given
in table 7 for a temperature range fram 500° F to 2300° F. Only the
values of kg Ffor the exbreme rangee of hydrogen-carbon ratio, 0.10

and 0.20, are glven in figure 22 because the change in g, was small

enough such that Interpolation between the values glven for other
ratios will result in good estimates of viscosity.

As stated previously, some datae on the viscosity of exhaust-
gae mixtures are glven in reference 1. The ranges of conditions
for vhich these date were obteined were from 75C F to 850° F and

- fusl-air ratios from 0.0625 to 0.167. The hydrogen~carbon ratio of
the fuel used was not given. For the ranges tested the viscosity
was found to be nearly independent of the fuel-alr ratio used. No
mention is made in reference 14 of the effect of hydrogen~carbon
ratlo on the viscosity ug., Figure 22 shows that the viscosity is-
affected to same extent by both fuel~-air ratio and hydrogen-carbon-
ratio variations. In order to compare the results of reference 1k
with those of figure 22 1t was assumed that gasoline with a hydrogen=
carbon ratio of 0.17, a normal value for aviatiom gasoline, was used
in the tests of reference li. The camparison showed that the
average differences between the two sets of results varied from
about 3 percent to 4 percemt; the experimentel values are higher
then the calculated values. Inasmuch as reference 14 states thab
‘the exzperimental values can be as much as 2 percent too high because
of experimentel errors and also because the hydrogen-carbon ratio
had to be assumed, the agreement is very good.

Curves of exhaust-gas-mixture conductivity k, against fuel-

alr ratio for several constant temperatures are glven in figure 23(a)
for a hydrogen=carbon ratio of 0.10 and in figure 23(b) for a ratio

of 0.20. Only results for the two H/C rahios are given Ffor the

seme reason that only curves of B Tor these two ratlos were given.
Values for eny intexrmediate hydrogen-carbon ratio obtained by_inter=-
polation will differ from the calculated values by less than -:'é'- percent.
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Constants. and values of oonductivity of air k, wused in the
k, formulas are given in table 8 for a range of temperatures

from 500° F 4o 2300° F. TIn the range of fuel-air ratio leasner than
the stoichiometyic from 0.01 to 0.06, the comductivity changed very
little with fuel=air-ratio change. (See figs. 23(a) and 23(b).)
Above the range of the stoichicmetric mixbure the conductivity
increased rapidly with increases of fusl=-air ratio. The inoresse -
of conductivity with temperature was rapid in both -bhe lean and
rich fuel-air-re:hio ranges.

. Yalues of Prandtl number for exhaust-gas mixbures, for a tem-
perature ranges from 500° F to 2300° F and a fuel-air ratio range

-from 0.01 to 0,12, at a hydrogen-carbon rabtio of 0.10 are given in

figure 24 to 1l1lustrate the type of curves obtained. Values for
other hydrosen-carbon ratios are g;lve:a in table 9.

A mnumary table is given below for easy reference to the
figures and tables for obtaining the properties.

”Proper'by : ‘Symbol| = Units ' .Loc':ai',:_l.on
Enthalpy of air 1 |,  Btu/m. Fié. 18
Tnstentaneous specific heat | o, | Bta/(1)(%F) . Fig. 18

of air - e
Viscosity of air T sligs /(sec) (£t) Fig. 19:
Conductivity of air k, |Btu/(sec)(£t2)(%F/et)| Fig. 19
Prandtl mumber of air Pr, --7-—~; ----- S— Fig. 19
Enthalpy of e:xhausb gas -ie . Eﬁu/li: Taf;lé 6
Instantaneous specific heat °y " Btu/(1b)(°F) _f‘ig. 21
of exhaust gas e .
Viscosity of exhaust gas i slugs/(sec) (£t) | Fig. 22 |

© :
Conductivity of exhaust gas | ¥, |Btu/(sec)(2t2)(% /rt) | F1g. 23

Prandtl number Of oxhaust | Pr. | meemmaemasesaeeeesee- Pgble 9
. J ‘. \.

a8
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TADIR 1

AFPROXTHASS VALUES CF VARTABLES INVOINED IN TBOTHERMAL
AND HEAP-TRANSFER TRSIS

Type Cooling-air Rahaust- Exhaust-ge Bxtaust=gag | ooy oo
Topt of . Reynolds nunber, | Reynolds number, | Prendtl mmber, | temperature ratio
test ¥ (dy = ap)fu Fju uo gk »
100,000
Ino- ?
A %o
thermal 304,000
r's
0. 1150 0.063
B | e 265,000 200,000 o o to
0.66 1500 0,050
120,000 0.64 20
Hoat 2
¢ 170,000 to +o to 0.078
1 | trensfer ! 220,000 0.63 1270
O Heat 250,000 m;gm 01'-28 J.tho 0.08
Tranafer ’ 360,000 0.61 420
170,000
Heoat 1
D tranater eaofgoo 189,000 0.6% 1170 0.078
FATIONAY ADVISCORY

COMMITTEE FOR AEBORAUFINS

GB8FT "ON N.IL VOVN

TA
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TARLE 2

EFFECTS OF APEROXIMATYONS AND FATRING METHODS Of
S ARD PRESSURE LOSSES

TBSIGH THRMPERA

- (a) Bffeot ‘of using air properties in place of grs properties

t’m’ Station Percent error dus to use of air properties
Bxhaust gus, &, : o2
Cooling air, &, § :i:g
1 4.5
Exhaust pipe, &, 2 -3.5
. 3 "3-0

(b) Effect of using constant valuss of specific heat in place of integreted mean valuss

Design Percent axror dus to use of constent
teperatures Station values of speoific heats
2 =0.3 to 0.0
Bxhaust gas, t, 3 0.}k to 0.2
2 ~0.3 to 0.8
Cooling air, %y 3 0.6 to 0.5
1 =0.3 to 0.3
Bxhaust pipe, tp 2 «0.5 to 0.3
3 =0.6 %0 0.5

(o) Effect of fairing method cn measured pressure losses

Percent deviation from results cn ur!.gl.nnl fairing =
methods of reference 6

Shrall-seguent length n
Arithmetio Extrems Colnsiding
meen fairing rake fairing
L, 2.0 3.1 =2.0
M1_3 *300 '103 '0-3
(a) Bffect of fairing method on design temperatures
Peroent deviation from results an original fairing ~
methods of reference 6
Deelgn Statien
teoperaturos Aritimetic Extreme Coinciding
meam fairing reks fairing
2 1-3 '003 =1.0
Exhanst gas, %, 3 1.0 -0.3 -1.0
2 3.0 7 0.8 2.0
Cooling atr, t, 3 3.5 0.6 Lb
1l 0.3 -1.% -g:;
Exhaust pipe 2 1.3 -0. -
> % 3 11 0.4 0.8

s, e
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TAHLE 3

CAIOULATION FORM FOR SHROUD DZH0GN =~ PARALLEL FLOW

Btep | Do’ Quentity Bowrod Spabél |  Units
Faotors for dewlgn
(1) Brelks hoowspower Manufacturer bhp hp £1h2
(2) Fusl=air ratio Manufaotiuros 4 0.0961
1 (3) Exhausb-gas-flow rets Hrough engine Hamufactrer's date ar equation (¥7) v, 1b/aec L N
e | () | Eohemst-ges temperwiare at shrous autrance | MTFASTITIS T8 o Sgpbim 08 | 4 or 1800
3 () Exhenst-pipo dinmoter {outor) Menuaotwrer 4 o o.h583
) Veloalty of efrpleme Perfczmmoe data Y, T6/sec he8
' (N Altitnle Performanoe data £ 30,000
(8 Exhoust=pipe meterial Heoufagtimer m‘f’.‘.’ stosl
5 (9) Donign exhavst-gns teaperature Menufeoturer Sop °r 1650
6 {10) Pesign exbavst-pipe temperature Maxmfacturer 8 % 1hoo
T (11) Design shroud tesperature Mannfaoturer tay o oo
Presaure &rop availsbls at ghrovd ectrance
(12) Froe-stroan static prosmre (1) =l reference 8 o n/es? 8.1
(13) Froo-streta tenperature (T) an2 reference 8 L 1 °r abs. M1.%
: (%) Freo-pivesn deneity (7) and reference B P slugs /63 0.000839
(1) Free-streen dyzeeio presome (W) x (6)8 x 7, fe % 1/ee2 102.8

I tems are carried in parenthosss o indicxte rov wsed in calowlabione.

TATIONAL ADVISOHY
COMMITEEE FOR AEROHATIICH

GeyT "ON NI VOVN

&L



TANB 3 = Ocokinmed

CALOUEATTON FORM FCR FEROUD DECION = PARAILYY Y10 = Combinmed

| oo | e |

|

Preseure drop swailakls at shrood extvense
9| s fonling-atr=tlow rete ) m‘m‘ ¥, Mwc |00 | 200 | 2 [mo0 |20 |00 |2e0 |2m [eo0 |am
| emmloegsie | o sumemme |, | . 158
(18) |langth of dalek dmot straishs vorsten| GG SEeight secticn of Yy 2 § §
(9 m:ﬂ.um-t-urhm hxtmlmmmwm R o 0438 om
(20) | Dynmdc Freeware in chrelskh secklom 0.00048 x [36)/0x7)] A2k y wad | ve8 | 1900 | Mere | w@ v {3 anoo | e | 3 | Bras
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TABLE 5

VAIUES (¥ N RATSED 70 THE 0.8 AWD 1.8 POWERS

. § (o] 1 2 3 .3 5 6 T 8 9
n°‘8

0.2]0.2759 | 0.2869 | 0.2978 | 0.3086 | 03193 | 0.3299 | 0.340% | 0.3508 | 0.3612| 0.3715
a .3817 .g:og 4019 4119 4219 4318 ;lu.g 4514 #61.; .;'6{50!13

Sl 573 5835 S2T 6018 gg 6199 6289 6378 228 .
] 6134 <6822 6910 +6998 7085 <7172 <7259 S35 .Th32
g1 918 ~7603 7689 TTTh 1859 <TouY4 B89 £113 LB197] .Bed1
B8] 8365 Bkko 8532 8698 8781 B863 |. 8946 9028] .9110
9] o192 | <3| 935| 36| 9T | .9598 | 9679 | 9159 | .98ho| .90
1.0f2.000 | 1.008 | 1.016 | 1.024 | 2.032 | 1.040 | 1.088 | 1.056 | 1.064 | 1.072
111079 | 1.087 | 2.095 | 1203 | 2311 | 1.238 | 1.326 | 1.13% | 1.ak2 | 1.149
121357 {1365 | 1372 | 1.380 | 1.388 | 1.195 | 1203 | 1.222 | 1.218 | 1.226
1.3|1.23% |128 | 2249 | 1256 | 1268 | 1271 | 1279 | 1.286 | 1.29% | 1.300
1.4]2.309 | 1.316 | 1.32% | 1.3332 | 1.339 | 2.346 | 1.356 | 1.361 | 1.368 | 1.376
1.5{1.383 | 2.392 | 1.398 | 1405 | 113 | 1.k20 | 1.427 | 1.535 | 1.442 | 1.449
1.611.4% | 1.46% | 171 | 1478 ] 1486 | 1493 | 1.500 | 1.507 | 1.50h | 1.522
2.0|21.751 {1.810 | 2879 | 1.947 | 2.015 | 2.081 | 2.248 | 2.214 | 2.279 | 2.34%
3.0|2.508 | 2412 | 2836 | 2599 | 2 2. 724 | 2.786 | 2.848 | 2.910 | 2.97L
ho|3.031 |3.092 |[3251 | 3.212 | 3.272 | 3.331 | 3.3% | 3.449 | 3.508 | 3.566
5.0]3.62% | 3.682 | 3.739 | 3.797 § 3.858 | 3.911 | 3.968 | h.o2k | 4.08) | Lk.)137
6.0{4.393 | 4.249 .30k | 4.360 | k415 | B.70 | BS525 | B.580 | 4635 | h.650
70| 4.743 | BTOT | 5851 | 4905 | .959 | 5.0012 | 5.066 { 5.119 | 5.172 | 5.225
oo |25h | 235 | 333 | 203 | oo |23 |23 |2ms |22 | 2
10.0|6.310 | 6.360 | 6.510 | 6.461 | 6.511 | 6.56L | 6.611 6.%- 6.710 | 6.760
n1'8 .
0.2 | 0.05519| 0.06026 o:ggga 0.07098| 0.07663] 0.082%7| 0.088%0] 0.09%72| 0.1011| 0.1077
3| a5 1215 1359 <1434 «J511 1590 . a752| .1836
4 2009 2098 2189 2281 2 2472 2569 2668 :2"8(2.?

Sl 2872 2976 3082 -3189 «3299 . <3522 3636 3751
6| 3987 . 4230 4353 4478 L4605 .gg 4863 4995 5128
Jq1 5262 «5398 5535 5875 5816 5958 o £247 6394 6542
8| 6692 | B43 | 69| 51| . JJh6s | J762 | 7183 | L7945| .8108
9| 8272 B8k39 B8606 ST5 8946 9118 9292 Sh66 S643] .9821
1.0/1.000 | 1.038 | 1036 | 1.055 | 2073 }1.092 | 1.211 | 1.130 | 1.1k9 | 1.168
11§31.387 | 1.207 | 1.226 | 1.246 | 1.266 | 1.286 | 1.306 | 1.327 | 1.3%7 | 1.368
1.2}1.388 | 1.430 | 21430 | 152 | 1473 | 1.49% | 1526 | 1.538 | 1559 | 1.581
1.3/ 160 | 1.626 | 1.648 | 1.671 | 1.65% | 1726 | 1739 | 1.762 | 1.786 | 1.809
1.45}1832 | 1856 | 1880 | 1.90% | 1.928 | 1.952 | 1.97 2.003 | 2.025 | 2.0%
1.5]2.075 | 2.200 | 2.325 | 2350 | 2375 | 2.200 | 2227 | 2.252 | 2.278 | 2.304
1.6|2.330 | 2.357 | 2.383 | 2.410 | 2.536 | 2463 | 2.490 | 2.507 | 2.54% | 2.5T2
2.0| 3.482 3.802 | ha3k | LA478 | 835 | 5.208 | 5.58% | 5.977 | 6.3BL | 6.797
3.0{7225 | 7.66% | 8.135 | 8.5TT | 94050 | 9.535 [10.032 |10.538 [11.056 |11.586
k.0pR.126 12.677 [13.239 [13.812 [14.395 [14.989 |15.59% [16.210 |16.836 |1T.AT2
5.0 8119 [18.777 [19.445 |20.123 [20.812 [21.511 |22.220 |22.939 [23.669 |24.h08
6.0p5.158 [e5.918 [26.687 {27.46T |2B.257 |29.057 |29.866 |30.686 |31.515 |32.354
7.0133.203 |[3k.062 {3%.930 |35.808 [36.696 |37.59% |38.500 |39.517 |ko.34h |41.279
8.0 k2.22% |43.179 |4k.abk3 |B5.127 |B6.300 |4T.093 |4B.095 |49.106 [%50.126 |51.15T7
9.0{52.196 [53.24% |%.302 |[55.359 [56.486 |57.531L |5B.626 (59.T30 |60.8h2 |61.965
10.0163.096 |64.236 |65.386 |66.55% |67.7A% |68.888 [70.073 71267 |T2.A4TL [73.683
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TARIE 6

PRETRATIRE, TUEL-ATR RAFID, AND HYIROGEN-CARBON RATIO

VARTATION OQF EIEADST-0AS XNTHALPY EEVERRED T0 0° ABSOLUYE VITH EXEANSE-GAS

I
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3 e |onedn| Deencml |nasmesn| |Rends menes
g NERLI9RNGZS| |(ILUMISXADAY| |047959330R8| |ERnSARJLRR| |i69ARAGSePE| |deesiarcesy
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¥ MM PRE “_ §ENBIeRREGE » SUALILRETSR “_ RERREEREE .a PEHEREEERY 3 | fEiesdniedd
3 it e anen ess| o ooamw
3 3944592358 |§9S0704RUcE| |d59G0%ARedn| |HONAnoRLgSE| |FEoBInARSEd| |desescadser
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: R RutNER) Faunng| Sunum |ansk My
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TABLE T

CONSTANTS FOR THE CALCULATTION OF ABSOLUTE

Texperature Ha n n Cy n B $
(°r) (slugs/(sec) (££) x 106)
500 0.587 | 0.0223 | -0.0132 | 0.726 | 0.0493 | o0.202 | -0.133 ‘
T00 563 <0399 ~006 <183 <0337 23 =159
900 ae | .ot | -2 | 8| o3| 270 | -a97
1100 800 o756 -0121 503 0632 »300 -.223
1300 0955 -.012% 955 o872 33 - 255
1%00 928 116 -.0328 { 1.008 0712 38 -.286
1700 ST7 { 1280 | -0131 | 1086 | .ot | 387 | -.308
1900 1.028 «1kh3 -.0133 | 1.088 OTTh 41 -.332
2100 1.077 1602 -0135 | 1.130 «0806 40 -.3%8
2300 1325 | 733 | -0138 | 1369 | L0837 | M5 | -.380
TABLE 8
CONSTANTS FOR THE QALCULATION OF THERMAL
CONDIUZIVITY OF EXHAUST 'GAS
Texperature - - a8 b2 C2 b -] -] ¥
°r) (Btu/(sec) (sq ££)(%F /%) x 20%)
500 0695 | 0.0922 | -0.0227 | 0.86L | 0.0990 | 0.306 | %.08
- TO0 Sk 1315 -.0118 919 <06k8 360 | k.39
500 928 78 -0118 | 1.01% o727 426 | b8k
1100 1.0%5 2214 -.0111 | 1.078 0787 A89 | 5.35
1300 116 K-y -] -0099.| 1.153 0861 563 | 5.87
1500 1.281 «3333 -«0093 | 1237 +0933 639 | 6.32
1700 1.3% <3947 =0085 | 1271 <097k 720 | 6.9%
1900 1.500 4597 -.0078 | 1.3%5 -10k3 193 | T.48
2100 1.607 5293. | -.0088 | 1.825 1111 880 | 8.01
2300 1.707. 6033 =«0051 | 1472 2175 968 | 8.60
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9

FUEL-AIR RAZID, AND HYIROOXN-CARBOE RATIO

VARIAZTION OF EXHASE-GAS PRANDY. NUMEER WITH EXHAUSY-GAS TRHPERATURE,

L)

{3 lewesenas] [sasmeanams| [svansvosss] |soasomcumn| |ovmvomsssz| |namminams
1| |mesenwn] [wowwan| [emeen| [weesin| o] [mmsan
2| [mesemem| [oeseres| feemeess| [jeemems| [semwn| [swenm
o | |ewem] [wavee| [sevew| (g (semen] [sessees
3| |moemeen| |mesetens] |weeann| [serewm| [meswew| (wassun
o | [mssens| [eemeeen| [vevssensn| mesnen| [wessse| [msssen
1| 1 seevmsaa| 1 [svasemane| 1 [evveneanad) 3 |poncessens |3 [smavuanas) 3 [peeveesee
o | |mostenswa| |wevsstesms| [seswveenss| |eeeecewner|  |mvasesved| |nesvessend|
s | |omwesn| |wmwna| |mewewe] [wonon] o] e
s | [teseeneien] [vevemsmem| [oteweente| [weenemene| nevenmend) [seesemen
0| [meeme] (g (gnenn| e wanan] (e
o] [romem| o] o] o] (e [mas

aehgagesas| (nesgasmsss| |nesasasass| (neasagasas| |ssasanass| [nesamasas
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Shroud air Inlet ducts

Exhoust-collector ring

e

G68FT "ON N.I. VOVN

Fire wall

Supercharged
combustion air

Ram air intake
Supercharger

Nozzle exit

Exhaust-gas
turbine

e UL

Figure 1.- Tlustration of a shrouded exhaust-pipe system in an airplane.
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NACA TN No. 1495

Station 1 Station 2
Shroud
t’l Exhaust pipe — b j t,z
ta, t 4
11 Cooling-air flow —— 3 l t;:' taz
*m tp
to, § Exhanst-gas flow —— tey 4l 11-.82
Pay ¢ Cooling-air flow g Pax P‘z
Hgy Hay B,
- x oo f— d2
- 1 —-1

Station 1 Station 2
Shroud
Exhaust pipe

tsl pip -/ —l i3 32
:;i 4 l «&——— Cooling-air flow l ap
tey ! Exhanst-gas £10W —————i» 11.,32
Pal < &P,

. «8———— Cooling-air flow a2

8.1 < lﬁnz

1 - »

COMMITTEE FOR AERONAUTICS

Figure 2.- TIlustration of symbols defined for a shrouded
exhaust-pipe system.
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Charge-air
venturl %

Centrifugal blower with
bell-shaped inlet

venturi
M . . \/
Im:escreen \.‘E:lnwstrs.lghhemr
“+—— Expansion joints
Station 1
'Enymdrlve
for blower
Station 2
NATIGNAL ADVISORY
COMMITTEE FOR AERONAUTICS
Station 8
Diffaser

Figure 3.- Schematic diagram of experimental exhaust-pipe-shroud
test setup.
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AIR FLOW

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Cooling-air thermocouple

Pressure rake consisting of one
static~pressure tube, one unshielded
and four shielded total-pressure tubes

Wall static~pressure orifice

Shroud thermocouple

Exhaust-pipe thermocouple

Exhaust-gas thermocouple

0=

DO

Figure 4.~ Sketch of typical instrument station showing temperature-
and pressure-measuring devices.
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NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Symbols

Total-pressure-tube position
Static-pressure-tube position
Wall-static-orifice position
Exhaust-gas thermocouple position
Exhaust-pipe~thermocouple position
Cooling-air-thermocouple position
(~— —> indicates direction
of traverse)
Shroud-thermocouple position

>O0XE @0

D

Figure 5.- Sketch of typical instrument station showing relative
location of instruments.
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{a) Station 2, (b) Station 3.

Figure 6.- Comparison of calculated with measured downstream exhaust-gas temperatures.
(Calculated temperatures based on air properties and corrected arithmetic mean air
temperatures.)
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Figure 7.- Comparison of calculated with measured exhaust-pipe temperatures. (Calculated
temperatures based on air properties and corrected arithmetic mean air temperatures.)
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y; COMMITTEE FOR AERONAUTICS
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Figure 8.- Comparison of calculated with measured downstream
cooling-air temperatures. (Calculated temperatures based on
air properties and corrected arithmetic mean air temperatures.

Measured temperatures are corrected arithmetic means.)
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Figure 9.- Relation of the measured shroud temperature to the measured cooling-air temperature.
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Figure 10.- Varlation of friction factors for the exhaust-pipe~shroud setup and for commercial and
smooth circular pipes with cooling-air Reynolds number.

86



100 NACA TN No. 1495
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:E Ay D O Heaat-transfer tests
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o - O Isothermal tests
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<
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Measured pressure drop,
AH_p, 1b/sq £t

(a) S8tation 1 to 2.
28
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Oalculated pressure drop, AH)-3, 1b/sq £t
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NATIONAL ADVISORY
COMMITTEE FOR AEitOMUTrS

(o] L 8 12 16 20 24 28
Msasured pressure drop, AH .3, 1b/eq £t

(b) Station 1l %o 3.

Figure 11.- Comparison of calculated with measured total-pressure
losses for the isothermal and heat-transfer tests. (Calculated
pressure losses based on arithmetic mean pressures and
calculated downstream air temperatures based on air properties
and corrected arithmetic mean air temperatures.)
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Stations NATIONAL ADVISORY

Air €X/t  COMMITTEE FoR AERONAUTICS Air exse

Figure 12,- Diagrammatic sketch of a mul_tiseg-ment exhaust-pipe-shroud ss-rstem for parallel flow,
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Figure 13.- Variation of p.ao'z with cooling=-air temperature.
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Figure 15.~ Variation of the factor ¢ with diameter ratio.
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(a) Cooling-air pressure drop available at shroud entrance.
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